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Preface

to compare different analytical

cascades.

13
A /

s H. Férsching, Germany

G. Gyarmathy, Switzerland

R. Legendre, France

A.A. Mikolajczak, USA

M. Roy, France

P. Suter, Switzerland {chairman)
Y. Tanida, Japan

D.S5. Whitehead, United Kingdom

At the 1980 "Symposium on Aeroelasticity in Turbomachines”, held in
Lausanne, Switzerland, it became clear that it was \virtually impossible
models for flutter and forced ‘ibration
prediction and to establish their validity.

The Scientific Committee (*) of this meeting has decided to initiate a
workshop on "Standard Configurations for Aercgelasticity in Turbomachine-
Cascades". The aim of this project is to establish a data base with a
few well documented experimental data, and to initialize and coordinate
future experimental investigations in existing test facilities. The standard
configurations to be compiled should also serve as test cases for present

and future prediction models for aeroelastic phenomena in turbomachine-

This report constitutes the first product, a standard set of two-dimensional
and quasi three-dimensional experimental configurations. These configura-
tions will be treated by calculation models from several research groups
during 1983, whereafter a second report with a comparison between the
ewsperimental and the theoretical results will be established and presented
at the Third Symposium on Aercelasticity in Turbomachines (1984). It
is the hope of the Scientific Committee that these reports will constitute
a bench-mark for the \alidation of both experimental and theoretical

‘ aeroelastic investigations in turbomachines,

September 30, 1983

P. Suter

Chairman of the Scientific Committee
of the 1980 "Symposium on Aeroelasti-
city in Turbomachines"

The members of the Scientific Commitiee at the 1980 Symposium are:
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N\ Abstract

The aerocelastician needs reliable, efficient methods for the calculation
of unsteady blade forces in turbomachines. The \alidity of such theoretical
or empirical prediction models can only be established if researchers
apply their flutter and forced vibration predictions to a number of well
documented experimental test cases.

In the present report, the geometrical and time-averaged flow conditions
of nine two-oimensional or quasi three-dimensional experimental standard
configurations fcr aeroelasticity in turbomachine cascades are given.
For each configuration some aeroelastic test cases are defined, comprising
different incidence angles, Mach numbers, interblade phase angle, reduced
frequencies, etc.

Furthermore a proposal for unified nomenclature and reporting formats
is included, in order to facilitate the comparison between the different

experimental data and theoretical results.
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Nomenclature

Note:

a) Throughout this report, "standard configuration” will designate a cascade
geometry and "aeroelastic case" or "aeroelastic test case" will indicate
the different time dependant (and, in some cases time averaged) conditions
within a standard configuration.

b) The tables and figures will be numbered as the chapters. For example,
Figure 3.7-2 denotes the second figure in chapter 3.7.

Symbol

Latin Alphabet

A

A

[

v
Ft

CL‘U

CM\t)

C ‘x,t)
p

Cw

Explanation

amplitude (A:f—{ for pure sinusoidal hea\ing)
(A=d for pure sinusoidal pitching)

Fourier coefficient

chord length

unsteady perturbation force coefficient vector
per unit amplitude, positive in positive coordi-
nate directions:

— =
Cp(t)=CFe' iwt— o)
unsteady perturbation lift coefficient per unit

amplitude, pnsitive in positive y-direction:

C.()=C e'wt-el
Note: In the present work, the lift coefficient

is defined as the force component perpen-
dicular to the chord:

unsteady perturbation moment coefficient per
unit amplitude, positive in clockwise direction:

CM(t)“‘(—:MeI wt - @l

unsteady perturbation blade surface pressure
coefficient per unit amplitude:

Cox t)=Cyx)e' vt - %l

coefficient for aerodynamic work done on the
airfoil during the cycle of oscillation

maximum blade thickness (dimensionless
with chord)

Dimen-
sion

rad
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h xaLt)
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P AaLt)

4

Str

vibration frequency
function

dimensionless (with chord) bending vibration,
positive in positive coordinate directions

dimensionless (with chord) bending amplitude
V-1
indicence
reduced frequency = —C?W——
) Vref
harmonic in Fourier series
Mach number

unit vector normal to blade surface, positive
inwards

pressure

‘without superscript:time dependant perturbation)

\with superscript ~ :time averaged)

dimensionless vector from mean pivot axis

to an arbitrary point on the mean blade surface

real part of complex \alue

V;C

Reynolds number = -~

unity vector tangent to blade surface, positive
in positive coordinate-directions

Strouhal number = f-c (=k/ﬂ)

Vre!
dimensionless time: T = t/To
period of a cycle

time

velocity

m/s

S

— e
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Jv

ref

Greek Alphabet

x ™

AC(xt)

h

reference velocity for reduced frequency and
Strouhal number:

\'% = V, for compresor cascade
ref '

% =V, for turbine cascade
ref 2

circular frequency = 2nf

dimensionless (with chord} chord-wise coordinate

dimensionless (with chord} chord-wise position
of torsian axis

dimensionless {with chord) normal-to-chord
coordinate

dirmensionless (with chord) normal-to-chord po-
sition of torsion axis

dimensionless (with chord! span-wise coordinate

pitching vibration, positive nose-up
pitching amplitude

flow angle

chordal stagger angle

heaving vibration direction = taﬁ1(HY/ﬁx)

unsteady perturbation pressure difference coeffi-
cient

ACp(X.t)=Cp”S’(x,t)—Cp( us)(x't)=z'é;(x)e| wt - @p)

phase lead of pitching motion towards heaving
motiori of blade (m)

kinematic viscosity

aerodynamic damping coefficient, positive for
stable motion

m/s

rad/s

——— e e e~

rad

rad

deg

deg )

deg

deg,rad

m/s i




(m)

o’ interblade phase, angle between blade "m-1" and deg,rad
blade "m". 14 for constant interblade phase
angle.

6,‘.‘) is positive when blade "m" preceeds blade
llm_lll.

For idealized conditions (constant interblade
phase angle between adjacent blades,® , and
identical blade vibration amplitude for all blades)
the motion of the (m)th blade, for flexion,

i1s given by:

R (xy=hixy) "ewt=me}

T dimensionless (with chord) blade pitch
= gap-to-chord ratio

¢F phase lead of perturbation force coefficient deg,rad
towards motion

¢L phase lead of perturbation lift coefficient to- deg,rad
wards motion

¢“ phase lead of perturbation moment coefficient deg,rad
towards motion

¢P(x) phase lead of perturbation pressure coefficient deg,rad
towards motion

¢ (x) phase lead of perturbation pressure difference deg,rad
4p coefficient towards motion

? phase angle in the Fourier series deg

-

o c———
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Subscripts:

A

global

ref

TE

- —
9
A = h for heaving
o for pitching
center of gravity
globa) (= time dependant + time a\ eraged) y

(see eq. 7)

imaginary part

isentropic values

leading edge

k-th harmonic in Fourier series
real part

reference velocity for reduced frequency
vref = V1 for compressor cascade
\ =V, for turbine cascade

ref ~ "2
trailing edge

total head value

component in x-direction

component in y-direction

component in z-direction

position of pitch axis (see Fig. 1)
measuring station upstream of cascade
measuring station downstream of cascade

values at "infinity" upstream

values at "infinity" downstream

o s =
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Superscripts:

(Is)

‘m)

us)

B} designates lower or upper surface of profile
\B) = Is) for lower surface of profile
fus) " upper " “ "

lower surface of profile

blade number m = 0, 1, 2, ... If the amplitude.
interblade phase angle, .... are constant for the

blader under consideration, this superscript will
not be used

upper surface of prafile

time averaged (= steady) values. This superscript will
only be used in ambiguous context

amplitude of unsteady complex \alue
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1. Introduction

In axial-flow turbomachines considerable dynamic blade loads may occur
as a result of the unsteadiness of the flow. The trend towards ever greater
mass flows or smaller diameters in the turbomachines leads to higher
flow elocities and to more slender blades. It is therefore likely that
aeroelastic phenomena, which concerns the motion of a deformable struc-

ture In a fluid stream, will increase ever more in future turboreactors

fan stage) and industrial turbines (last stage’ |10].
The large complications, and high costs, of unsteady flow measurements
in actual turbomachines makes it necessary for the aeroelastician to
rely on cascade experiments and theoretical prediction methods for minimi-
zing blade failures due to aeroelastic phenomena. It is therefore of great
importance to alidate the accuracy of flutter and forced vibration predic-
tions as well as experimental cascade data and to compare theoretical
results with cascade tests and trends in actual turbomachines.

Several well documented unsteady experimental cascade data exists through-
out the world, as well as many different promising calculation methods
for solving the problem of unsteady flow in two-dimensional and quasi
three-dimensional cascades. However, due to different basic assumptions
in these prediction methods, as well as many different ways of repre<enting
the obtained results, no real effort has been made to compare the dif.e.ent
theoretical methods with each other. Furthermore, the ialidity of these
theoretical prediction analysis can only, since hardly any exa~t solutions
are known, be verified by comparison with experiments. This is very seldom
dore. partly because of the reasons mentioned above, partly as well docu-
mented experimental data normally are of proprietary nature.

It is the purpose of the present project to partly remedy this situation
by selecting a certain number of standard configurations for aeroelastic
imvestigations in turbomachine-cascades and to define an unified reporting
format to facilitate the comparison between different theoretical results
and the experimental standard configurations.

The final objective of a comparative work of the present kind is of course
to alidate theoretical prediction models with experiments performed
under actual conditions in the turbomachine, i.e. under consideration
of unsteady rotor-stator interaction, flow separation, viscosity, shock-boun-

dary laver interaction, three dimensionality etc. Such a far-reaching objec-

EXVIIRE ¥
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tive does however not correspond with the present state-of-art of acroelas-
tic knowledge, neither for prediction models nor as regards well documen-
ted experimental data to be used as standard configurations.

The scope of the present report will thus be limited to fully aeroelastic
phenomena under 1dealized flow conditions in two-dimensional or quasi
three-dimensional cascades. Such interesting phenomena as rotor-stator
interactions, stalled flutter and fully three-dimensional effects will thus
be excluded, unless as an extension from the icealized two-dimensional
cascade flow.

In this first report, nine standard canfigurations, ranging fiom flat plates
to highly cambered turbine bladings and from incompressible to supersonic
flow conditions, are selected and a certain number of aeroelastic test
cases, mostly based upon existing experimental data, are defined for
analysis by existing prediction methods for flutter and forced ‘ibrations.
It is intended that an extensive number of '"blind test" calculations by
different prediction methods .see chapter 4) should be performed in the
autumn of 1983%. The experimental data will thereafter be distributed
.in beginning of 1984) to all researchers having performed the recom-
mended analysis; the comparison of the experimental and theoretical
results will so prepare a base for detailed discussions of the different
experimental and theoretical results during the "Third Symposium on
Aeroelasticity in Turbomachines” (1984 |1], [2].

In the beginning of 1984 1t will also be possible for the participants to
eventually refine same aspects of their experimental or theoretical proce-
dure and to prepare, if possible, a contribution to the 1984 Symposium
on Aeroelasticity.

The final comparison of the experimental and thecretical results will
be distributed at the 1984 Symposium on Aeroelasticity. Attention will
then also be focused upon still unresolved aeroelastic problems and a
coordination of future experimental and theoretical investigations may

be mitiated,




2. Recommendations for Unified Representation of the. Results

The physical reasons for self excited blede vib,ations in turbomachines
are not presently understood in detail. Various representations of experimen-
tal and theoretical results are thus used by different researchers. The
number of different reporting formats used may be \ery large, as various
importance is attached to different results, depending upon the scope
of the aergelastic investigation.

However, as the main objective for both experimental and theoretical
aeroelastic studies is to provide a tool for the designer of turbomachines
to minimize blade failures, the important results from the different investi-
gations should be standarized to allow for interpretation of non-specialists
In aeroelasticity.

In order to facilitate the comparison and to establish the mutual validity
of both therretical and experimental results, a certain amount of infarma-
tion must be unified. This is also desirable in order to avoid misinterpreta-
tion of some results.

In the present project, a minimum number of prescriptions have been
defined. Both the nomenclature and the representation formats are based

upon references |3 | - |9 |, especially the publication by Carta [3] (|7 |\

It has been chosen, furthermore, as similar as possible to the presentation
previously used for the experiments serving as standard configurations,

this to avoid excessive retreatment of the data.

T AR g, r«#«"




' 2.1 Steady Two-Dimensional Cascade Nomenclature

The profiles under investigation are arranged, in a two-dimensional section
of the cascade, as in Fig. 2.1-1. In this figure, all the physical lengths
are scaled with the chordlength “c", and the nomenclature in Table 2.1-1
is used.

It is here important to note that the chord is defined as the straight
line between the intersections of the camber line and the profile surface,
and that the x-coordinate is aligned with the chord.

Throughout this report, extensive use will be made of the time averaged

blade surface pressure coefficient, which will be defined as

~ P-P_
k G b (1)
cascade leading
edge plane
y
(x,57,)
‘ upper surface
profile "o" X
- == R = = .
M - a = .
; L =5 + /0.0 1.0 ~
i i\ -
+8
1 +82
. >M2
>
T S >
— __ _d- _ _ profile "-1"
S~
- lower surface
tigure 2.1-1 Steady two-dimensional cascade geometry
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Symbol

ol =] §

'EL

4

ref

< & ™

=<

Table 2.1-1

F xplanation

chord lenght

maximum blade thickness dimensionless with chord)
time averaged pressure coefficient =—/———=2—
incidence

Mach number

unity vector normal to blade surface, positive inwarcs
time averaged pressure

dimensionless vector from mean pivot to an arbitrary
point on the mean blade surface

C
Reynolds number = V—\‘/——-

unity vector tangent to blade surface, positive in posi-
tive coordinate directions

velocity
reference velocity for reduced frequency and

Strouhal number: "Vref" = "V1" for compressor cascade

IIV " - "VZ' "

turbine "
ref

dimensionless ‘with chord’ chord-wise coordinate
dimensionless ‘with chord) normal-to-chord coordinate
dimensionless ‘with chord; span-wise coordinate

flow angle

chordal stagyer angle

kinematic viscosity

dimensionless blade pitch - grap-1o-chord ratio

contimuation on next page’

15
Dimen-
sion

m

d e g

e m—

m/s }

m/s

deg

m /s
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Subscripts

G center of gravity

is isentropic values

t total head value

X component in x-direction

y component in y-direction

z component in z-direction

1 measuring station upstream of cascade
2 measuring station downstream of cascade
- 00 values at "infinity" upstream

~ 00 values at "infinity" downstream

o pitch axis ‘see Fig. 1)

Superscripts

.m)

\IS)

(us)

Table 2.1-1

mth blade, m-0, 1, 2,....If the amplitude, interblade phase
angle,... are constant for the blades
under consideration, this superscript
will not be used

lower surface of profile
upper surface of profile

steady ( time averaged) values. This superscript will only be
used in ambigous context.

Steady two-dimensional cascade nomenclature

_7.,__. —_—
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2.2 Umsteady Two-Dimensional Cascade Nomenclature

tllade Motion

Fig. 2.2-1 is a =chematic representation of cascaded two-dimensional
airfoils; the form of the profiles is considered to reqnain rigidly fixed
during heaving and/or pitching oscillations, B (x,y,t) and _&(t) resp., in
which the components hx’ hy and a of the motion vectors?and E’ are
noted in complex form to account for phase differences between the
translation and the rotation.

We will therefore define

= (m),
H’(m)(x'y't)=h(x'y)(m)e"w tl for heaving motion
(2)

> h + olm
<_1’(m)(t)=a(m)e'(W(mH"E)cxmi for pitching motion

(m)

where 'F1<m), a(m) are the dimensionless amplitudes, and w™ the circular
frequency, of the vibration of blade (m).

It is also assumed that the torsional motion, for thie (m)th blade, preceeds
the bending motion by a phase angle a,f"“'). Furthermore, if the amplitude,
circular frequency or phase lead is ‘identical for all blades, the superscript

(m) will be omitted on the corresponding symbol (see Table 2.2-1).

e e o
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profile "+1"

deflected position
\\

profile "O"

mean position

surface

. e o e — o e profile "-1"

lower surface

Figure 2.2-1 Unsteady two-dimensional cascade nomenclature
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Symbol

C, t

M t

P

W

Table 2.2-1

t \planation Dimen-
ston

amplitude A h for pure sinusoidal heaving -

A-a ™ " " p. ching r ad

unsteady perturbation force coefficient vector per
unit amp’ iude, positive in positive coordinate
directions:

C.(1)=Cre - ol :

unsteady perturbation lift coefficient per unit ampli-
tude. positive in positive y-direction: -

C()=C_ e ™ el
Note: In the present report, the lift

coefficient is defined as the force component
perpendicular to the chord:

unsteady perturbation moment coefficient per unit
amphtude, positive in clockwise direction:

Cm(t)=cme| et Ol -

aunsteady perturbation pressure coefficient per unit
amplitude:

C:(x,t)=c—:; (x)e ORI Je8 -

coefficient for aerodvnamic work done on the system
during one cycle of oscillation -

vitbration frequency Hz

dimensionless with chord bending vibration, positive
in positine coordinate directions -

dimensionless .with chard! bending amplitude -

reduced frequency - %\V}/_ -
: ref

time dependant perturbation pressure N/m2
Strouhal number = —C (=K/m) -
Vrer

.continuation on next page’
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P,(x)
B,p(x)
O’ {m)

Table 2.2-1

dimensionless time T:t/T0

period of a cycle

time

circular frequency = 2n f

pitching vibration, positive nose up
pitching amplitude

heaving vibration direction = tan“(ﬁv/ﬁx)

unsteady perturbation blade surface pressure difference
coefficient:

AC X H)=Co (X )-C = (x )= AC (x)e! ! ~ 2ol

phase lead of pitching motion towards hea\ing motion
of blade {m)

aerodynamic damping coefficient, positive for stable
motion

phase lead of perturbation force coefficient towards
motion

phase lead of perturbation lift coefficient towards
motion

phase lead of perturbation moment coefficient towards
motion

phase lead of perturbation pressure coefficient towards
motion

phase lead of perturbation blade surface pressure
difference coefficient towards motion

interblade phase angle between blade "m-I" and
blade "m"

{continuation on next page’

rad/s {

rad

rad

deg or
rad

deg or
rad

deg or '
rad

deqg or
rad )

deg or
rad

deg or
rad

deqg or
rad -
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8(-:1-6) for constant interblade phase angle. g(h) is
positive when blade "m" leads blade "m-I".
Under idealized conditions constant interblade phase
angle between adjacent blades.@ , and identical
vibration amplitude for all blades) the motion of
the m"h blade is given, for flexion, by

Wm)(x,y,t)=ﬁ( x.y)'O

Y \
el,wt-mol

and similar for torsion, by

aﬂm)(t)_:’é(o‘e. iwt=mo — g}

Subscripts
A A = h for heaving
A = O for pitching
global global {= time dependant - time averaged’ isee eq. 7)
I imaginary part
R real part
‘ Superscript
‘Is) jower blade surface
j ‘m) blade number m 0, 1, 2. ...
‘us) upper blade surface
_— amplitude of unsteady complex \alue

Table 2.2-1 Unsteady two-dimensional cascade nomenclature
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Two-Dimensional Aerodynamic Coefficients
The unsteady f(complex® blade surface pressure coefficient C . as well

as the hft CL’ force CF and moment C,  coefficients per unit span,

M
are scaled with the amplitude of the corresponding motion .amplitude
A" where Ach™ or ™ML According to the comventional definiticns

of these parameters, we thus have:

) (B'
.8 B (xt)= l{ﬁ—%} 3
6 (t)=l~_1_~_¢p(x‘t) {ﬁé’ }.ds=]'(Te{C, 'ls>(x,t)_cntusv(x't)}.dx 4
La A D(,m— P o o tie ' XLe i -
g (t)zl,r;.(ﬁp(xt) n-ds ’
F A p[ 20 p-m oot ’
S e ) (el

where

- p is the unsteady -perturbation’ pressure

- "hft" coefficient 1s defined normal to chard

- force components are positive when acting in nnsitive coordinate direc-
tions

- CM is positive when acting In clockwise direction

- superscript (B. denotes the blade lower surface (s’ or blade upper surface
{us’.

Furthermore, the global (=time averaged + time dependant) blade surface

pressure coefficient is defined as

PP , P __(B+P-P. ()

C Brbo PP BB

o= Co T ACo=
A further important quantity, for slender blades, is the normalized un-
steady pressure difference along the blade chord, ACy(X).

This is defined as the difference of the time dependant pressures on the

blade lower and upper surfaces:

aC,(x)=C,"S (x.H)-C, " (x) @
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All of the above mentioned \ariables can be expressed in either complex

exponential form or in component form as:
Coxt)=Colx)e ™ Xl = {Cp(x) +iCo ()} ™" )

Here, the subscripts "R" and "I" denctes the real and imaginary parts
of the pressure coefficient Cp(x,t). Physically, these two parts can be
interpreted as the components of the pressure coefficient which are in-pha-
se .real part) and out-of-phase (imaginary part) with the blade motion.
Furthermore, the phase angles ¢p(x), ¢Ap(x), ¢L’¢F'¢M are all defined
positive when the pressure (pressure difference, lift, force or moment,
resp.’ leads the motion.

The amplitude and phase relationships in eq. (9) are defined in the usual

manner, that is:
Cux)=y/Cogx) +Cyfx)?
¢D(X)=tan_1{cpl(x)/Cm(X)}
C,q(X)=C,(X)COS(@,(x))
Co(X)=Cp(X)siN(@,(x))

{10a)
10b)

It should here be noted that, in computing the blade surface pressure
distribution, only components, and not amplitudes or phase angles may

be differentiated {/3/). Therefore
tis} (us)
AC;‘H(X)=CQR (X)_Cpg (X)

AC,(x)=C ()~ Ciy (%) (11a)

aC,(x)%=C, " ()~ Cy “Ix) (11b)

B (X) =By (X) - D)

Two-Dimensional Aerodynamic Work

The two-dimensional differential work, per unit span, done on a3 rigid
system by the aerodynamic forces and moments is conventionally expressed
by the product of the reai parts {in phase with motion components) of

force and differential translation, as well as moment and differential
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torsion. Thus, the total aerodynamic work coefficient per period of oscilla-

tion, done on ta2 system is obtained by computing

CW:CWh+ CWG+CWh,a+ CWa,h ) (2,

Expressed in this way, the aerodynamic wark coefficionts €' i Cwed

c are all in nondimensionalized form, with the product of the

weh' “whe _ 3
pressure difference 1;3(,°°-p « J and chord’ as normahizing factor,

From the defimtion eq. 12 and 13 it 1s se=n that these coecificients
become negative for a stable mation.

As the force and moment coefficients each have time drpendant parts

from both the heaving and pitching  oscdiations, Cuh 18 defined as the

work done on the profile during a pure heaving cvele no torsion. Similar-

ly, Cva 15 the work done on the blade during a pure pitching cyvele o

bending : Cwah and Cuhe 'S the work done by the pitching force due

to heaving and by the heaving moment due to pitching. respectinely.
Thus, the work coefficients mav be expressed in comventional form  as

Cyn—$ Re{h-C:.(0} Redhu]

Cycle of
osci!ation

Cwaif{) I'Re{a-du(t)}Re{d&n )

ic (13
‘ Cwna‘c‘ycffffelh'c‘_, (H}Reldout)

Cuvar—$RelaC. (bl Re{dnt)]

Cyc'e of
{ osciltation

In the case of pure sinusordal normal-to-chord bending or pure sinusoidal
to~sional vibration, as well as sinusoidal Lft and moment responses, respec-
tively, the expressions .13 may be integrated to give the following simgple
formulas _,

Cy=11h" C,,=7h’ C_sin(@,)

Cyo=T18Cyy=1&" C,, SIN(@,,)

is n
(14
CWh.a=O
Cwan=0
, It is thus seen that the aerodynamic work only depends upon the \alue
of the out of phase component of the lLift and moment coefficients, and
that the airfoil damps the mation when the imaginary part of the hft
\




and moment coefficient, resp. is negative.
The aerodynamic work can be expressed in normalized form as the aerody-
namic damping parameter = /3/. \With the same assumptions as in eq.

14Y, this parameter is defined as
- =2
=, ~~Cer/nfi’ =-C,

= CWO‘/TIC—X‘ = _CMI

The normalized parameter = is thus positive for a stable motion.

15}
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Non-Harmonic Pressure Response
All theoretical prediction methods for flutter and forced \ibrations availa-
ble today make a few basic assumptions.

Most of the methods are submitted to restrictions regarding

o} sinusoidal blade vibrations

0 sinusoidal pressure response

0 identical vibration frequencies for all blades
o] identical vibration amplitudes for all blades
0 constant interblade phase angles

In experiments, however, these assumption can never be exactly fullfilled.
The large energy input needed to drive a cascade with prescribed frequen-
cies, amplitudes and phase angles makes it impossible to satisfy the three
iatter assumptions, apart from in tests with low frequencies and/or small
amphtudes. Even in this case though. the pressure response on the profiles
will, in general, not be sinusoidal.

For the detailed comparison between the experimental data and the predic-
tion model, it 1s thus important to realize how well the theoretical assump-
tiors approsimate the experiment.

The non-sinusoidal pressure response on the \ibrating blades does not
hinder the computation of the aerodinamic work and damping coefficients,
as only the frequency of the pressure response spectra corresponding
to the blade vibration frequency contributes to the aerodynamic work.
The ralidity of this statement can be demonstrated if we suppose that
the blade motion 1s sinusoidal with angular frequency w, and as any perio-
dic signal Fiwt), of which f'wt) is the unsteady part, can be represen-

ted as a Fourier series

Fw=A + fwt)=A + Y A g™ & 16
k=1

Trmm e————— o s - - - - -




As exemple of proof of the statement, let us consider a pure sinusoidal

pitching maode ( 8 real)
a(t)=oe™!
with a moment signal
v ~ tkwt - @y, ki
_ e Tt -
B0 3 Gy
k=1

The aerodynamic work coefficient oy becomes thus

o

2n o<
Cy=F Re[aC,(D}Refdn ) =(Refa ¥ T, €™ "M !} Refide™ alwt) =
. 0 il

Wa e of
g:2|112tion k 1
211 R
—~f[a{ Y Cyax COSkwt+8,,k)} {~Gsin(wt)}dwt)=
0 k=1

Y CMa.k{‘gcos(kWH(ka) sin(wt) d(wt)}—
k=1

2 = . )
_ A Cygy Sinkeyy) if k=1, 5~ (7
—fp f ket~ Cwa=T0 Cuy

Thus, in the computation of the work coefficients only the first harmanic
of the force or moment response appears (compare eq. 14).

“ This simplification of a non sinuscidal pressure response is however only
possible due to the existence of a pure sinusoidal motion and the integra-
tion over a cycle of vibration. A verification of the actual time histories
of the experiments is thus needed.

This 1s even more important in experiments with non-identical blade vibra-
' tion amplitudes and interblade phase angles, as these differences larqgely
may contribute to discrepancies between the experimental and theoretical
ddeahized) results.,
| On the basis of detialed tune recordings, a statistical evaluation or a

| discrete Fourier analysis may be used to appreciate how well the different

bl tdealizations an the prediction maodels approximate he real cascade flow
: conditons,
-— It s thas recces eaded toar b gmohitode of all the physical quantities
&, h, (‘p,... rede e
0 as the amphtode ot the hirst harmome, ot o bourter analysis 1s used
\
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o} as the root-mean-square \alue \RMS' times a factor V2, if a statisti-
/5. 1
cal evaluation is used {(example: Tjh dit) :»). The factor V2

is here introduced in order to equalize the statistical amplitude with

the full amplitude for a purely sinusoidal fluctuation.

In both cases, an indication of the quality of the signal should, if possible,

be given. This criteria can, for example be established as

0 higher harmonics for Fourier analysis

G fluctuation of result with different averaging times for a narrow-band
filter

o

shape of spectral peak at a distance of, e.q.,, 20 dB relative to peak

for spectrum analysis
In order to evaluate eventual discrepancies between the experimental

data and theoretical results, it is of importance that an analysis of the

above mentioned kind accompany the data.

»*)  This RMS-value may occur e.g. as the output of a narrow-band filter

applted to the unsteady pressure signal, centered at the blade oscillation

frequency.

..

»

Sy



~

2.5 Procise Reporting [ ormats

G of the main problems fur the conmarison of experimental and theoreti-
col acreoclastic ivestigations at the 1980 "Symposium on Aeroelasticity
in Turboniuchines” was the lack of coherency in the tepocting formats;
the researchers porlicipating in the present project are therefare invited
to Jollew the quide-lines for a standarized reporting format, given in
this chap er.

Two main groups of representation will be used:

I: The first councerns the detatled comparison of the measured and
calculated blade pressure distributions.

1. The sccond representation is directed towards the physical mechanism
of the flutter phenomenag, ils important parameters and towards
the establishment of the flutter boundaries for the differemt cascades.

It is evident that all participants are encouraged to use any further repor-

ting formats in order to establish other comparisons or to emphasize

any special point of interest in their investigations.

I Detailed comparison of experimental results and theoretical approaches
The establishiment of the wvalidity of theoretical results can only be done
by a mutual agrecment bhetween the measured znd calculated unsteady
pressure distributions on both blade suirfaces. This detailed comparison
will be performed on the basis of Figure 2.35-1 wiich is to be presented

for different combinations of

0 interblade phase sngle
0 reduced frequency

o inlel conditions

0 cascade goometry

depending upon the oxisting experiznental data for the configuration under
investigation.

Quite a few prediction models for flutter or forced vibrations are based
upont small perturbation theories, where the steady pressure distribution
on the blade is an input data. The experimentally determined time avera-
ged blade surface pressure distributions is therefore spereified for soch
studies, as o Fig. 2.3-2.

Forthermore the comparison between the steady g 2.3-2) and unsteady

(Fvgy 2,521 blade pressure distributions may in some cases give a quantita-

<

S - ——— o - -
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tive notion about the aeroelastic phenomena under inmvestigation instabili-
ties due to stall, choke, shockwaves, coupling effects between the steady
and unsteady flow fields...).

The distribution of the blade surface pressure difference coefficient along
the blade, A Cp(x\, indicates the presence of stable and unstable zones.
This information ic thus also of interest, and will be plotted as in Figure
2.3-3,

IIl. Flutter boundaries

The second form of representation concerns the \alues of the resultant
aerodynamic blade forces and moments, as well as the aerodynamic work
and damping coefficients.

Two different representations (see Figures 2.%-4 and 2.3-5° will be used
to elaborate the influence of several important parameters on the flutter

boundaries

o reduced frequency

o interblade phase angle
o inlet flow velocity

o} inlet flow angle

o) outlet flgw velocity

0 cascade geometry

First, the unsteady blade pressure coefficients will be integrated to yield
the aerodynamic force, or lift, and moment coefficients as in Figure
2.%-4, The phase angles ¢F and¢M resp., give in this reprcsentation imme-
diate information about the aeroelastic stability of the system .see chapter
2.2%

Secondly, the aerodynamic work and damping coefficients per cycle of
oscillation may be calculated if the mode-shape of the motion is well
known. Most of the problems treated in the present work will concern
motion of nondeformed profiles ‘at least for the theoretical predictions’,
wherefore the aerodynamic damping coefficient can be easily computed
and plotted. This information is useful for the turbomachine designer
for the judgement of the aeroelastic bebaviour of a specific cascade

Figure 2.3-5

7 R R
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3. Standard Configurations

On the basis of existing test facilities of the participating laboratories,
and in relationship with the state-of-art of theoretical methods, nine
standard configurations(*) for establishing the mutual validity of two-dimen-
sional and quasi three-dimensional aerovelastic cascade experiments and
prediction models have been selected. The configurations should approxima-
te idealized flows, wherefore stall effects have been excluded, except
as extensions of unstalled experiments.

In order to guarantee a correct validation of the theoretical models,
the quality of the experimental results must also be verified. If possible,
two rather similar experimental cascade geometries have therefore been

identified as standard configurations for each of the following flow regimes:

o low subsonic (~ incompressible)
o subsonic

o] transonic

o supersonic

Out of the nine standard configurations, which are summarized in tables
3.0-1, seven are based upon experimental cascade results; the eighth
is directed towards the establishment of validity for prediction models
in the limiting case of flat plates and for comparison of the large number
of existing flat plate theories. The final configuration (ninth) is defined
as to investigate blade thickness effects upon the aerocelastic behaviour
of the cascade, and upon the theoretical results, especially at high subsonic
flow velocities.

Each of the standard configurations selected allow for a systematic varia-
tion of one or several aerodynamic and/or aeroelastic parameters. How-
ever, a too large number of aeroelastic cases in each standard configura-
tion would limit the usefulness in this report in providing comparisons
for experimentalists and analysts working independently of each other.

For this reason, a restricted number of aeroelastic configurations for

each test case, based upon available experimental data, has been chosen

(*)  Throughout this report, "standard configuration" will designate a
cascade geometry and '"aeroelastic case" or "aeroelastic test case" will
indicate the different time dependant {and, in some cases, time averaged)

conditions within a standard configuration.
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3.1 tirst Standard Confiquration

This configuration is compiled from two-dimensional cascade experiments
in the low subsonic flow region. It is therefore mainly directed towards
the validation of incompressible predictions.

The experiments have been performed, in air, in the linear low subsonic
oscillating cascade wind tunnel at the United Technologies Research Center
and are included in the present work by courtesy of f.0. Carta.

The cascade configuration consists of eleven vibrating NACA 65-series
blades, each having a chord ¢.0.1524 m and a span of 0.254 m, with a
10 degree circular arc camber and a thickness-to-chord ratio of 0.06.
The gap-to-chord ratio is 0.750 and the stagger angle for the experiments
here presented is 35°.

The cascade geometry and profile coordinates are given in Figure and
Table 3.1-1.

The airfoils oscillates in pitching mode around a pivot axis at (0.5, 0.0115).
Experiments have been performed with oscillation frequencies between
6 and 26 Hz and with two pitching amplitudes (0.5° and 2°). Both the
time averaged and time dependant instrumentation on this cascade is
very complete, and a large number of well documented data have been
obtained during the tests. The instrumentation allows for determination
of both local and global unsteady forces on the blades (i.e. several high
response pressure transducers and integration of these signals for global
effects), and the results are presented in several ways.

From these tests, 15 aeroelastic cases have been retained as recommenda-
tions for off-design calculations. The cases are contained in Table 3.1-2,
together with the proposal for representation of the results. They corres-
pond to two different mean settings of the cascade (see Table 3.1-2),
for each of which the steady blade surface pressure distribution is given
inn Frgures 5.1-2 and Tabte 3.1-3.

According to the recommended representation, the test data concerning
the unsteady blade surface pressures as well as the moment coefficient
and acrodvnamic damping shall be given in dependance of the reduced
trequency  and anterblade phase angle. An example of the representation
i the standarized reporting tormat  to be used tor the representation
of the experimental and theoretical data: of the time dependant results

tor this caseade are shown an bigures 3.1-% and Table 5.1-4.
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&=

¢ = 15,24 cm (6 in.)

Pl

SUCTION SURFACE PRESSURE SURFACE
X Y X Y
0.0008 0.0020 0.0012 -0.0019
0.0046 0.0053 0.0054 -0.0042
0.0070 0.0064 0.0080 -0.0050
0.0120 0.0083 0.0130 -0.0061
0.0244 0.0116 0.0256 -0.0077
0.0494 0.0164 0.0507 -0.0098
0.0743 0.0204 0.0757 -0.0115
0.0993 0.0237 0.1007 -0.0129
0.1494 0.0290 0.1506 -0.0150
0.1994 0.0331 0.2006 -0.0165
0.2495 0.0364 0.2505 -0.0177
0.2996 0.0387 0.3004 -0.0185
0.3998 0.0411 0.4002 -0.0188
0.5000 0.0406 0.5000 -0.0176
0.6002 0,0370 0.5998 -0.0146
0.7003 0.0306 0.6997 -0.0104
0.8003 0.0223 0.7997 -0.0069
0.8503 0.0176 0,8497 -0.0053
0.9003 0.0127 0.8997 -0.0040
0.9502 0.0078 0.9497 -0.0032
0.9975 0.0030 0.9973 -0.0025
RADIUS CENTER COORDINATES
L.E. RADIUS/c = 0.0024 X =0.0024, Y = 0.0002
T.E. RADIUS/c = 0.0028 X =0.,9972, Y = 0.0003
Table 3.1-1 }urst Standard Configuration: Dimensionless Airfoil Coordinates
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4h
Aeroelasticity in Turbomachine-Cascades
First Standard Configuration
Time Averaged Blade Surface Pressure Distributions
M (-) 0.18 0.17
i ) 2 6
p’/ptl {-) 0.9818 0.9852
b, ©) 28 7.5
Upper Lower Upper Lower
surface surface surface surface
N ~ ~~ ~ ~
X C C C C
p Y P P
(=) () () (-] (-)
.012 -.2341 .2618 -.7874 L6278
.062 -.2587 .0904 -.391n .3139
.148 -.1992 .0441 -.2390 .2148
‘ .261 -.1561 .0503 -.1465 .2015
392 -.1078 .0688 -.0485 L2115
.530 -.0565 .0955 .0385 .2269
K .061 -.0585 .1345 .Q782 .2599
; 774 .0236 .1817 L1531 .2896
.860 .0739 .1961 .2037 .3128
.910 .0934 .2094 .2247 L3100
]
lable 5.1-5 st Standard Configuration: Time S\veraged Blade Surface
‘ Pressure st pibutions tor the 19 Recommended Acroelastie Cases
Y
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FIG. 3.1-3C: FIRST STANDARD CONFIGURATION.

AERODYNAMIC LIFT COEFFICIENT AND PHRSE LERD
IN DEPENDANCE OF INTERBLADE PHASE ANGLE.
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3.2 Second Standard Configuration

This incompressible two-dimensional cascade canfiguration has been mea-
sured in a water cascade tunnel at the University of Tokyo. The results
have been submitted by courtesy of H. Tanaka.

The cascade consists of eleven vibrating and six stationary double circular
arc profiles. Lach of the blades have a chord of ¢-0.0%0 m and a span
of 0.100 m, with a camber angle of 16° and a gap-to-chord ratio of 1.00.
The water velocity during the tests was V,=2 m/s, with the Reynolds
number situated at Re 1.2 . l[JS. The eleven vibrating blades oscillate
in pitch, with an amplitude of 0.06 rad (3.4°) and a frequency between
1.5 and 13Hz. Thus, the reduced frequency lies in the domain 0.1 tol.0.
The cascade geometry is given in Figure 3.2-1 and the profile coordinates
in Table $.2-1.

Lxperiments nave been performed with incidence ranging from attached
to partly separated and fully separated flow. Further, the stagger angle
as well as the interblade phase angle and pivot axis have been varied
systematically.

The experimental data indicates the unsteady lift and moment coefficients
{amplitudes together with the corresponding phase lead angles). These
coefficients are computed from strain gage measurements; no time depen-
dant pressures are measured on the blade surfaces.

From the experiments, 22 aeroelastic cases are selected for "prediction'.
These aeroelastic test cases are summarized in Table 3.2-2, toqgether
with the proposal for representation of the results.

The 22 aeroelastic cases correspond to 5 cascade geometiies .sec lable
3.2-2). The recommended representation of the results of the second
standard configuration includes therefore trends of lift and moment coeffi-
cients  for aeroelastic parameters, such as interblade phase anale  and
reduced frequency, but also for cascade parameters soch g ncudence
and staqgger angle.

The time-averaged blade pressure  distributions was oot meaared duaring
the experiments.

It s recommended that the results shoald he gepresected e ane b gares,

$.2-7 andd Table S.2-5.
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57
Double Circular Arc Blade
¢:0.050 m (1.968 in.)
Suction surface Pressure surface
{upper surface) (lower surface)
v {%) y (%) y (%)
0 0 0
5 1.644 -0.404

10 2.657 -0.127

15 3.509 0.115

20 4.262 0.326

25 4.897 0.505

30 5.416 0.650

35 5.818 0.764

40 6.105 0.845

45 6.272 0.893

50 6.334 0.910

55 6.272 0.893

60 6.105 0.845

65 5.818 0.764

70 5.416 0.650

75 4.897 0.505

80 4.262 0.326

85 3.509 0.115

30 2.637 -0.127

95 1.644 -0.404

100 0 0
L.E. and T.E. RADIUS RADIUS CENTFR COORDINATES
L.t. RADIUS/c  0.666 (%) x - 0.666 (%), vy 0 (%)
T.k. RADIUS /e 0.666 (%) x 0,993 %), vy 0 (%)

Table

nates

5.2-1 Secand Standard Configuration: Dimensioniess Airfoil Coordi-
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\‘croclasticity in Turbomachine-Cascades.
Second standard Configuration.,
Aeroelastic test case N°:
Vl: 2 m/s. y = °. = °. k=
300, o n7D. o300, o a*). o 3(*3). e (rads)
-2 -
B I . U (') o o1, S, (o
a) Global Aerocelastic Coefficients
VR ¥ (LSS o SIS =/ S I
byT ely = . 9
b) Local Time Dependant Blade Surface Pressure Coefficients
1s) (1s) Lo (us) {(us) .o - o]
x ) l}cl ¢ c 9] e AT () e,
GOl O O U ] et O 5T, () Loy, ()

Table 35.2-3% Second  Standard  © ontiguraton. . Table  for Representation
{ f

of the 22 Pecommended Aeroelastic Test (ases

e R e b e
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FIG. 3.2-2B: SECOND STANDARD CONFIGURATION:
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IN DEPENDANCE OF REDUCED FREQUENCY.
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FIG. 3.2-2F: SECOND STANDARRD CONFIGURATION:
AERODYNAMIC FORCE COEFFICIENT AND PHRASE LERD
IN DEPENDANCE OF REDUCED FREQUENCY.
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3.2-2K: SECOND STANDARD CONFIGURATION
AERODYNAMIC WORK AND DAMPING COEFFICIENTS
IN DEPENDANCE OF REDUCED FREQUENCY.
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configuration allows detailed comparison of the local time dependant
blade surface pressures and trends of global effects (moment and aerody-
namic damping coefficients) in dependance of expansion ratio (F’Z/Pt )R
blade vibration frequency and interblade phase angle (see Table 3.31-4

and Figure 3.3-3).
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75
0.072 m
SUCTION SURFACE PRESSURE  QURFACE
(Lower surface) (Upper surface)

X YS X Yp
0.0 0.0 0.0 0.0
-0.073 -0.009¢6 0.0247 +0.0108
-0.0115 -0.0290 0.0439 +0.0060
-0.0051 -0.0487 0.0718 -0.0073
0.0102 -0.0698 0.0932 -0.0i44
0.0296 -0.0918 0.1213 -0.0265
0.04062 -0.1080 0.1478 -0.0356
0.0668 -0.1240 0.1742 -~0.0434
0.0887 -0.1384 0.2014 -0.0502
0.1117 -0.1508 0.2289 -0.0538
0.1358 -0.1610 0.2563 -0.0601
0.1606 -0.1693 0.284C -0.9637
0.1864 -0.1749 0.31i9 -0.0660
0.2122 -0.1781 0.3395 -0.0674
0.2354 -0.1797 0.3676 -0.0676
0.2584 -0.1800 0.3891 -0.0669
0.2814 -0.1793 0.4113 -0.0662
0.3046 -0.1772 0.4329 -0.0657
0.3274 -0.1745 0.4547 -0.0646
0.3432 -0.1719 0.4765 ~0.0639
0.3591 -0.1692 0.4982 -0.0623
0.3748 =0.1657 0.5201 -0.0613
0.3904 =0.1621 0.5419 -0.05%6
0.4058 -0.1580 0.5633 -0.0579
0.4806 -0.1396 0.5850 -0.0562
0.5552 -0.1208 0.6069 -0.05%40
0.6291 -0.1018 0.6285 -0.0519
0.7038 -0.0829 0.6502 -0.0497
0.7780 -0.0640 0.6721 -0.0470
0.8525 -0.0452 0.6939 .0.0446
0.9270 -0.0264 0.7152 .0.0419
1.0 -0.0075 0.7368 .0.0388

0.7583 -0.0Q359
u.7986 -0.0295
U.8387 ~0.0237
0.8792 -0.0176
0,9195 -0.0118
0.9597 = 0.00060
1.0 0.0
Table 5.35-1  Thard Standard ¢ ontigqueationd imensionless SArfonl U oordinat e
identicatl over the whole Hpan
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Acroelasticity in Turbomachine-Cascades.
Third Standard Configuration.

Aeroelastic test case N°:

M = = = = = .=
4 . pz/ptl o M, * 3, * 8, ek .
AR < alb. o 30, o 3 (1) o 3(*2). e (rads)
- - 2
o (2). o oD, o o0 o o) . 0(+')= o ()
a) Global Aeroelastic Coefficients
Eg= N EL= . Cw= o££:=_ e (=)
= Q = o
¢“— . bL . M
b) Local Time Dependant Blade Surface Pressure Coefficients
(1s) (1s) .o (us) (us) .o - _ o
X - o =) ¢ C ~ ¢ AC ¢
(<) p (- p M p (=) p M p (-) Ap Q)
lable 35.5-4. Third Standard Contiguration.  Table  for Presentation of

the 10 Recommended Acroelastic Test (Coses
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H3
T
7
xOC
Yo
M1
B,
AERJELASTICITY IN TURBOMACHINE-CASCADES. 1,
STANDARD CONFIGURATION NUMBER : 3
M2
B,
h
_X
h
Y
_ T =
C
M (&)
T k
5
- . (o}
. | | ] 1 ] ] d
‘ 1 T =T 5 T
: +360
4 STABLE
+180
+ UNSTARBLE
®
M 0
J- STABLE
-180 —
- 1 UNSTARBLE
-360 + t + } —+
-180 0 180
[+ 4
FIG. 3.3-3B: THIRD STANDARD CONFIGURATIOCN.
AERODYNAMIC MOMENT COEFFICIENT AND FHASE LEARD
\ IN DEPENDANCE OF INTERBLADE PHASE ANGLE.
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AERQELASTICITY [N TURBOMACHINE-CASCAROES.
STANOARD CONFIGURATION NUMBER : 3

Yi .
| C“T 0. +—+ : : ——+— E
4
- -
1 } | — 1
1 L] T [ | L
-180 0 180
o

! =i

R

c

d

UNSTABLE

STABLE

FIG. 3.3-30: THIRD STANDARD CONFIGURATION.

AERODYNAMIC WORK AND DAMPING COEFFICIENTS IN

DEPENDANCE OF INTERBLADE PHASE ANGLE.
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AEROELASTICITY IN TURBOMRCHINE-CASCADES.

STANDARRD

CONFIGURATION NUMBER

3

—de

-

-

——

+

1
1
1.

M

2

1.

(1]

>! =

R

c

d

' UNSTABL!

y

STABLE

FIG. 3.3-3E: THIRD STANDARD CONFIGURATION.
AERODYNAMIC WORK AND DAMPING COEFFICIENTS IN

DEPENDANCE OF OUTLET FREON MACH NUMBER.
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5.4 1 ourth Standard Configuration

Presently, quast three-dimensional cascade oxperiments oo tughly  loaded
turbine rotor secti.ns are pertormed n the annular cascade tacihty  at
the Lausanne Institute of Technology by M. Degen.
This fourth standard configuration is of anterest mamnly because ol the
relative high blade thickness and camber, the high subsomie flow conditions
and for its resemblance with the third standard confiquration.
Detatled test results will be ivailable at the end of 1983%, so that theoret-
cal results can be validated against the data from this confiquration simul-
tancously as adgainst other standard confiqurations.
The cascade configuration consists of twenty vibrating prismatic blades,
each having a chord of c:0.0744 m and a span of 0.040 m, with 45¢
turming and a maximum thickness-to-chord ratio of 0.17 .
The stagger angle s $53.4% with the gap-to-chord ratio of the cascade:

0.67 ‘hub)

0.76 ‘midspan)

0.84 {tip}
The hub-tip ratio in the test facility is 0.8,
The cascade geometry is given in Figure 3.4-1 and the profile coordinates
are tabulated in Table 3.4-1.
Experiments are performed with variable inlet flow angle (M1’ i), expansion
ratio (pz/p[ . MZ)’ vibration mode, oscillation frequency and interblade
phase anqgle.” All the experiments presently performed have constant span-
wise flow conditions upstream. The time dependent instrumentation inclu-
des pressure transducers on one blade .midspani and strain gages.
The aeroelastic cases for this standard configuration are not yet fully
defined, wherefore they will be distributed together with the carresponding
time  averaged blade surface pressure distributions towards the end of
198 3.
The recommended presentation format will be similar to the one used

i standard configuration six,

Sratan poy e

ot



cascade

leading

edge plane ¢/C

pu—

e

T e—

v = 33,35 upper surface_______—f—*””/— &\\

L
"
)
B lower surface
™
1o
Pressure surface R
-
suction surface
0.1
Oc O [ .‘....“%- teeq - ‘.o"A::
. ***eeb....,. Ppressure surface U STl r.
y - "o “rrgea MAAAZ I EETFETREE XK R 2D dad aspete? .4' 2
.'. oooo"r’.
-0.1 4—*; et
'.0' ..“OJ L
‘ ) "...." P ooooooo"".'..’
-0.2 - |
0 0.2 0.4 X 0.6 0.8 |
o}

o = 0.0744 m Y = 33635

span = 0.040 m camber = 45

T = 0.67 (hub) thickness _ 0.17

0.76 (midspan) chord
0.84 (tip) hub/tip = 0.8
R Nominal values: Mlz 0.31o M2= 0.90O
Bl= 45.9 82= 17.6

Figure 3.4-1 fourth Standard Configuration:

\ Tt e st o e s .  m———

Cascade Geometry




B3y ‘
1
Ce= Q44 M
UPPER SURFACE LOUER SURFACE
|
x Y X Y X Y X v
0.000 0.000 .Ste -.05S 0.000 6.000 443 ~.163
- 003 . 010 .524 -.055 .001 -.011 453 -.160
010 .018 .53% -.055 .003 -.021 464 -.158
.020 .021 .546 -.055 .006 -.03 L474 ~.156
.03 . 022 .556 -.055 .010 -.041 " 48S - 154
- 042 .022 .567 -.05% 014 -.051 493 -.151
. 052 .021 .578 -.055 . 020 -.060 %05 -.149
. 063 .020 .588 -.055 . 023 -.069 ‘s16 - 146
.074 .019 .599 -.054 .031 -.078 .526 -, 144
- 084 .018 .610 -. 054 .038 -.087 %36 <. 141
- 095 016 .620 ~.053 . 044 ~.09% 547 -.139
-103 .014 631 -.052 . 052 -.102 1557 -.136
<116 012 642 -.052 .059 -.110 .568 -.134
126 .otg .652 -.051 .067 -117 ‘578 -131
-136 .008 .663 ~-.050 .076 -.124 's88 -.129
147 . 006 .673 -.049 .084 -.130 .598 -. 126
-137 . 004 .684 -.048 .093 -.136 .609 -.123
-168 .001 695 -.047 .102 -.142 619 -.121
.178 -.001 .705 ~. 045 18 ~-.147 .629 -.118
.188 -.003 .16 -.044 .120 -.153 640 - 115
.193 -.006 .726 -.043 .130 -.157 650 -.113
.209 -.008 .37 -.042 -139 -.162 .660 -.110
.20 -.011 .47 -.040 .149 -.166 671 -.107
.230 -.013 . 758 -.039 .139 -.170 .681 -. 104
.240 -.013 . 768 -.037 .169 -.173 .691 ~.101
.a51 -.u18 779 -.036 <179 -.176 .701 -.099
.261 -.020 . 790 -.034 -190 =.179 .12 -.096
.27 -.022 .800 -.032 .200 -.18t .22 -.093
.282 -.023 .811 -.030 211 -.182 .732 -.090
.29 -.027 .821 -.029 .221 ~.184 .42 -.087 |
.303 -.029 .832 -.027 .232 =. 183 753 -.084
313 -.031 .842 -.025 -243 -.183 .763 -.081
.324 -.033 .852 -.023 -233 --186 .7 -.078
<334 -. 035 .863 -.021 . 264 -.186 .783 -.07%
.345 -.037 .873 -.019 274 -.186 .794 -.072
¥
. 355 -.039 .884 -.017 .283 -.186 .804 -.069
- 365 -.041 .894 -.01% .29 --185 .814 -.066
.37 -.043 .905 -.013 -306 -.184 .B24 -.063
.387 -.044 .915 -.010 .31? -.183 .834 -.060
.397 -.046 .926 -.008 .328 -.182 .844 -. 057
: .408 -.047 .936 -.006 .338 -.181 .85% -.054
: .418 ~.048 946 -.004 -349 -.179 .865 -.050
.429 -.049 .957 -.001 .359 -.t8 .87S -. 047
.439 ~.051 .967 .001 .370 -.176 .88 -, 044
- 450 -.051 .978 . 003 -380 - 173 .895 -.04t
. 461 -.052 .988 .006 -391 -.173 .905 -.037?
.471 ~.033 .401 -1 .926 -.031
.482 -.054 .412 -.169 .936 -.028
.493 =.054 . 422 -.167 . 946 -. 024
.503 -. 093 <433 -.163 .956 -.02%
. 966 -.017 .
.976 -.014
40 .986 -.011
. 996 -.007 -

Table $.4-1 o b Standard Configuraton: Dymensionless Virfoil Coordi-

) naten dertie b o the whole spang
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3.5 tifth Standard Configuration

This  two-dimensional subsonic/transonic cascade configuration has been
tested in a rectilinear cascade air tunnel at the QOffice Nat,onal d'f tudes
>t de Recherches Aérospaciales ONERA.. The configuration and experi-
mental results are included by courtesy of E. Szechenyi.

The cascade configuration consists of six fan stage tip sections, each
biade having a chord of ¢=0.090 m and a span of 0.120 m. The mavimumn
thickness-to-chord ratio is 0.027, with no camber and a gap-to-chord
ratio of 0.95. The present configuration was measured with a staqger
angle of 30.7°.

The cascade geometry is given in Figure 3.5-1 and the profile coordinates
1 Table 3.5-1.

The two center blades can vibraie in pitch about several axis, whereafter
the aeroelastic coefficients for different interblade phase angles are
computed by linearized summation of the unsteady pressure reponses
on all six blades.

Cxperiments have been performed with oscillation frequencies hetween
75 and 550 Hz, inlet Mach numbers between 0.5 and 1.0 and with incidence
angles between attached and fully separated flow 2° to 159,

Both the time averaged and time dependant tnstrumentation on this cas-
cade 1s very extensive and a large number of well documented daia have
been obtained during the experiments. The large amount of flush mounted
high response pressure transducers on one blade allows the determination
of resultant time dependant blade forces.

From the results obtaineu during these tests, 27 aeroelastic cases are
recommended for off-design calculations. They are contained in Table
3.5-2, together with a recommendation for representation of the results.
The 27 cases correspond to 11 different settings of the cascade .see Table
3.5-2.

The steady blade surface pressure distributions of the 11 time-a\veraged
settings are given as a basis for tiime-variant calculations by small perturba-
tion prediction models 1in Fiqgure 3.5-2 and Table 3.5-3,

Of spacial interest in this fifth standard canfiguration is the extensive
variation of time-averaged parameters, such as inlet flow \elocity k’v1,‘)
and incidence (i)

The nlet Mach number 1s varied from M1 0.5 to M1:1.D, and the range




Jde 2

91

of incidence is from fully attarcbed (incidence less than %°) up to fully
separated (incidence greater than 10%) flow conditions.

The recommended representation of the results includes detailed compari-
son of unsteady blade surface pressure coefficients as well as aerodynamic
damping and moment coefficients in dependance of the parameters inci-
dence (i), flow velocity (M1) and reduced frequency (k), as proposed in

Figure 3.5-3 and Table 3.5-4.
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Jascade leading
edge plane.

P

Y Fressure surface

upper surf.ce
(suction surface)

-C- o

c

ty

[‘ suction surface (upper surface)

X . 1

1 c/e Kol
leading trailing
edge edge
c = 0.090 m T = 0.95
span = 0,120 p Y = 30,7°
camber = o° thickness = 0.027

chord o

Figure 3.9-1 Fifth Standard Configuratian: Cascade Geometry
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c 0.090 m
Upper surface Lower surface
(Suction surface) (Pressure surface)
X y y
a. 0. 0.
0.0124 0.0016 -0.0016
0.0250 0.0018 -0.0018
0.0500 0.0026 -0.0026
0.0750 0.0033 -0.0033
0.1000 0.0041 -0.0041
0.1500 0.0053 -0.0053
0.2000 0.0062 -0.0062
0.2500 0.0079 -0.0079
0.3000 0.0101 -0.0101
0.3500 0.0103 -0.0103
0.4000 0.0111 -0.0111
0.4500 0.0119 -0.0119
0.5000 0.0124 -0.0124
0.5500 0.0128 -0.0128
0.6000 0.0133 -0.0133
0.6500 0.0135 -0.01395
0.7000 0.0135 -0.0135
0.7500 0.0128 -0.0128
0.8000 0.0116 -0.0116
0.8500 0.0098 -0.0098
0.9000 0.0076 -0.0076
0.9500 0.0048 -00.0048
1.0000 0. 0.
L radios - TF radius 0.007
o [
Fable 5.5-1 tifth Standard Configuration: Dimenstonless Airforl Coordinates
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e owverdrod Lune Dependant Parameters he comended Representation
Puarametoers
7
: EN R
N R a-O I
- < 1= PO E Z
M, M A U I | IR IR IV I ¢, |ec Cy :
) b pdbrac |9 (e
B S LRIy 1ee FIo0 JoL A Attached 1 i z Z
5 1]ose " A L4
. [ U Part. sep e} i
1 h AN "
5 1 pulss Fully sep 3,4 3,9
t 12 8 !
" 1 ]o0Re i “5 Jo. 12 Attached 1 1 1 4
S 125 ]10.21
B 1 300 16,50 l l
I 330 Jo.ol
11 tu0.87 TS jo.12fPart. sep - - 1 1
. 125 10.21 - - ) W5
1 550 f0.01 - - 1
15 Ioo|o.ss S5 el fibully sep - - 4 3
1 125 |02 - - )5 .
17 300 0.50 - - 1 l
PN S50 0.9l - -
. 0| oo 0. 84 I TR O - - 3 3
)i' AT IO l 0. 80 0,24 - - * ’
: a | es| Voo I 0.21 - - *
BRI ) ST RO * * 0.18 - - 3 3
2R 1.OJI0 10,69 0.17 - 3 3
23 it o juasTp, 1.5 J0. 21 JPart. sep 1 1 5 5
SRR BEUEE I FURTRE (HCR: [l g ] 1 5 5 '
o | eshofossp. * ' * fly sep]| - - 3 5 !
27 0,511 10,88 .92 " - - 5
LS
tar Unly center blade oscillates 1y (p and f(‘p as a function of
th) Measurad at 2 chord dastances upstream of leading edge 2 l‘M and = a< a function of 1
s ) ' Toay " downstream of trailing adge 3 (‘M and = as a function of \ll
1) (‘\1 and = as a function of K
5 ) (M and T as a function of N
Table 3.5-2  Fifth Standard Configuration: 27 Recommended Acroelastic
LIses
i
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AEROELASTICITY IN TURBOMACHINE-CASCADES.
STANDRRD CCNFIGURATION NUMBER : S

+1.
4 E’ 0 X/\(\I m
ey A X Al
! P mmmmmﬁfééﬁ@mxm
40
-1-
-1 1+ —t— i t }
0 .5 i
X

FIFTH STANOARD CONFIGURARTION:
TIME RVERAGED BLADE SURFAUE
DISTRIBUTION FOR M1-0, % oo

FIG. 3.5-2R:
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AERDELASTICITY IN TURBOMACHINE-CASCADES. i .
STANDRRD CONFIGURATION NUMBER : S
My
52 t
h
_X
h
Y
«
+1, ©
S
(4
~ T x X [x ] d
C 0 X XIX X x|% % B x 8
P mm o ojo 8=
4+ o
!
To
-1. }- } -+ } j
0. .5 1. ‘
X )

FIG. 3.5-2B: FIFTH STANDARD CONFIGURATION: |
TIME AVERAGED BLADE SURFACE PRESSURE
DISTRIBUTION FOR M1=0.S AND INCIDENCE=Y DEG. W
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AERBELASTICITY IN TURBOMARCHINE-CASCADES.
STANDARD CONFIGURATION NUMBER : S

4
B,
h
_X
| h
Y
«
+1. w
K
4
5
. .‘
4 X i
N XIX % x|x x x X % @|x B B a ’
C m 0
‘ P 0. mmuu‘ !
u
| I |
| !
| | o |
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H FIG. 3.5-2C: FIFTH STANDARD CONFIGURATION:

' ; TIME AVERAGED BLADE SURFACE PRESSURE
v DISTRIBUTION FOR M1=0.5 AND INCIDENCE=6 DEG.
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FIG. 3.5-2D0: FIFTH STANDARD CONFIGURATION:
TIME AVERRGED BLRADE SURFRCE PRESSURE
DISTRIBUTION FOR M1=0.S AND INCIDENCE=8 DEG.
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FIG. 3.5-2E: FIFTH STANDRRD CONFIGURRTION:
TIME AVERAGED BLADE SURFACE PRESSURE
DISTRIBUTION FOR M1=0.5 AND INCIDENCE=10 DEG.
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RERGELASTICITY

IN TURBOMRCHINE-CRSCADES.
STANDARD CONFIGURRTION NUMBER : S
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FIG. 3.5-2F: FIFTH STANDARD CONFIGURARTION:

TIME AVERAGED BLADE SURFRCE PRESSURE
DISTRIBUTION FOR M1=0.5S AND INCIDENCE=12 DEG.
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AERDELASTICITY IN TURBOMARCHINE-LASCROES.
STANDARD CONFIGURATION NUMBER ¢ S
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3.5-2K: FIFTH STANDARD CONFIGURATION:

TIME AVERAGED BLADE SURFRCE PRESSURE
DISTRIBUTION FOR M1=0.9 AND INCIDENCE=10 DEG.
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Aeroelisiacity in Turbamachine-Cascades
Fifth Standard Configuration

Time Averaged Blade Surface Pressure Distributions

~
M) 0.80 0.91 0.90 1.00
~ 0
i () 10.0 10.0 10.0
E:I(A/mzj 140'350 200°'110 140'070 199'950 199'900
;1 (N/m‘) 92'040 131'740 82'150 118'250 105760
~ ~ i~ ~ ~N N ~ ~ A ~ ~ oA s
X P/Pyy O L o P/pg | G P/Pyy C P/Pyy Cp
(=) () (-) (-) -) -) ) (=) -) ) | (=
Upper
Surface
0.0333 0.4837 -0.5000]0.4911f -0.4895 §0.2041§-0.9248 }0.3793 }-0.519140.1979 1 -0.7032
0.1000 0.4944 -0.4689]0.4991 | -0.4661 §0.2719]-0.7608 10.4102 |-0.4435§0.2395 | -0.6140
0.1667 0.5334 -0.3556]0.5351 ] -0.3607 | 0.4750]-0.2696 }0.4616 |-0.317740.2638 |} -0.5633
0.2333 0.5725 -0.242030.5618 | -0.2826 | 0.5715}-0.0363 | 0.4882 |-0.252640.4129 } -0.2467
0. 3000 0.6118 -0.1278]0.5920 ] -0.1942 10.6230] 0.0883 | 0.5210 |-0.172340.4690 | -0.1275
0.3667 0.6442 |-0.0337]0.6208] -0.1099 §0.63831 0.1253 {0.5532 |-0.093540.5147 ] -0.030S
0.4333 0.6699 0.0410]0.6464 } -0.0349 ]0.6443] 0.1398 §0.5817 |-0.0237]0.5671 0.0808
0. 5000 0.6886 0.095310.6667 | 0.0245 J0.6500] 0.1536 §0.6052 0.0338}0.5979 0.1462
0. 5667 0.7042 0.1406J0.6836] 0.0739 J0.6565] 0.1693 §0.6251'§ 0.0825]0.6109 0.1738
0.6333 0.7163 0.1758]0.6976 1 0.1149 }0.6653] 0.1906 | 0.6415 0.122610.6176 0.1880
0.7000 0.7269 0.206630.7091 0.1486 J0.6745} 0.2128 ] 0.6546 0.154730.6216 0.1965
0.7667 0.7356 0.231910.7183] 0.1773 }0.6820} 0.2310 J0.6652 0.1806]0.6296 | 0.2135
0.8333 0.7434 0.254540.7272 0.2016 §0.6903] 0.251 0.6747 0.2039]0.6339 | 0.2226
0.9000 0.7487 0.269910.7298 | 0.2092 }0.6998] 0.2740 C 6823 § 0.2225]0.6418] 0.2394
0.9667 0.7078 0.1511]0.6106 ] -0.1397 §0.6582] 0.2701 |0.6893 | 0.2396}0.6556 | 0.2687
Lower
Sur face
0.0333 0.8398 0.5346]0.8337 § 0.5133 J0.7983] 0.5122 }0.8014 0.5140]0.7508 0.4708
0.1000 0.8010 0.421640.8002 | 0.4152 10.7481] 0.3908 J0.7585 ] 0.409040.7024 | 0.3681
0.1667 0.7772 0.3527§0.7751 0.3417 §0.7201] 0.3231 §0.7285 § 0.3355]0.6701 0.2995
0.2333 0.7665 0.3216}0.7640 0.3093 10.7087§ 0.2955 J0.7150 } 0.3025§0.6573 | 0.2723
0.3000 0.7593 0.3007}0.7568 0.2882 lo.7021] 0.2796 §0.7074 | 0.2839§0.6506 | 0.2581]
0.3667 0.7549 0.287940.7525 1 0.2756 10.6963] 0.2656 J0.7021 § 0.2709]0.6449 | 0.2460C
0.4333 0.7500 0.273710.7487 | 0.2645 ]0.6919] 0.2549 0.6977 | 0.2602]0.6406 f 0.2368
0.5000 0.7480 0.2679]0.7469 ] 0.2592 §0.6904] 0.2513 J0.6964 | 0.2570§0.6394 0.2343
0.5667 0.7480 0.2679§0.7469 | 0.2592 §0.6907{ 0.2520 J0.7003 } 0.2665§0.6406 § 0.2368
0.6333 0.7475 0.2664]0.7461 0.2569 10.6904] 0.2513 | 0.7003 | 0.2665]0.6411 0.2379
0.7000 0.7455 0.2606§0.7439 | 0.2504 J0.6881] 0.2457 J0.6963 | 0.2567]0.6389 | 0.2332
0.7667 0.7442 0.256980.7412 1 0.2425 J0.6872] 0.2435 §0.6926 | 0.2477]0.6363} 0.2277
0.8333 0.7440 0.256310.7394 ] 0.2373 J0.6879) 0.2452 | 0.6897 | 0.2406§0.6355] 0.2260
0.9000 0.7459 0.261840.7382 0.2337 10.6926] 0.2566 J0.6856 | 0.230500.6364 0.2279
0.9667 0.7514 0.2778]0.7394 } 0.2337 J0.7031§ 0.2820 | 0.6861 0.2318§0.6434 ] 0.2428
Table 5.5-5 I.ifth Standard Configuration: Time Averaged Blade Surface

Pressure Distributions for the 27 Recommended Aeroelastic Cases
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Aeroelasticity in Turbomachine-Cascades.
Fifth Standard Configuration.
Aeroelastic test case N°:
= = = = ° = ° =
M= * pz/pt1 ° MZ ° Bl ° 82 o k °
AT o a1 e 300 o3t o 30*2). e (rads)
0(-Z)= . o(_1)= ° 0(0)= ° o(*l)* ° 0(02)3 . (°)
a) Global Aercelastic Coefficients
E\I_ ) CL-_ [ Cw- OS = e (-)
By ol> - . )
b) Local Time Dependant Blade Surface Pressure Coefficients
(1s) (1s) .o (us) (us) .o - Q
X - C ] I C - ¢ A€ - ?
O™ O 7 O 7 o o™ Off 56, ) Fe, )

Table 3.5-4 Fifth Standard Configuration: Table for Presentation of

the 27 Recammended Aeroelastic CCases
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ARERGELASTICITY IN TURBOMRCHINE-CASCADES.
STANDARD CONFIGURATION NUMBER

20.

Ol

P 10.

0.0
‘ +360

-360

£ 5
T
1
T
.0 .S
X
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R =l =

€

o qQ o x

-360
STABLE

-180

UNSTABLE "
(LS)
)

o —,
STABLE

+180
UNSTARBLE

+360

FIG. 3.5-3A: FIFTH STANDARD CONFIGURATION:

MAGNITUDE AND PHASE LERD OF BLADE SURFACE

PRESSURE COEFFICIENT.

(e: IN PITCH MODE,NOTATION VALID UPSTREAM OF PITCH RXIS)
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REROELRSTICITY IN TURBOMACHINE-CRSCADES. 1: :
STANDRRD CONFIGCURRTION NUMBER : 5
M.
20. 2
B,
h
_X
h
Y
T -
ACP 10 ©
+ k
‘ 5
4 o
0. + ; + : : “
+360
‘ 1 STABLE
+180
| 1 UNSTARBLE"
| )
AP 0 .
4 STABLE
-180
b 4l UNSTRBLE™
- -360 } { t + { '
0. .S 1. j
| X é
o FIG. 3.5-3B: FIFTH STANDARD CONFIGURATION:
| MAGNITUDE AND PHASE LEAD OF BLADE SURFACE
PRESSURE DIFFERENCE COEFFICIENT.
! {m:IN PITCH MODE.NOTATION VALID UPSTREAM OF PITCH RXIS)
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AEROELASTICITY IN TURBOMACHINE-CASCADES.
STANDAARD CONFIGURATION NUMBER

¢t 5
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l L I L
T — T T 1
1 1 L 1
- 1 T 1
0.5
k

w
r

Rl =l =

a Q O x ¢
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FIG. 3.5-3C: FIFTH STANDARD CONFIGURRTION:

TR Y AN I o T A g -

AERCOYNAMIC MOMENT COEFFICIENT RAND PHRSE LERD
IN DEPENDANCE OF REDUCED FREQUENCY.
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AERBELARSTICITY IN TURBOMACHINE-CASCARDES. i
STANDARD CONFIGURATION NUMBER : S
M.
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Y
_ T o
Cn 1 ©
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1 STABLE
+180
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|, 0.5 0.75 1.
K M,

FIG. 3.5-3D: FIFTH STANDARD CONFIGURATION:
AERODYNAMIC MOMENT COEFFICIENT RAND PHASE LERD
! IN DEPENDANCE OF INLET MACH NUMBER.
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AERDELASTICITY IN TURBOMRCHINE-CASCROES. i :
STANDRRO CONFIGURARTION NUMBER : S5
M,
20. 2
B,
h
_X
h
__Y
C, 10 o
~ k
5
= (o 4
0.0 } + { 1 f d
+360
s STABLE
+180
. UNSTRBLE
¢
" 0.
1 STABLE
-180
- i UNSTABLE
. -360 f +—+—+ : 4
£ 0. 10. 20.
B i
i FIG. 3.5-3E: FIFTH STANDRRD CONFIGURATION:
- AERODYNAMIC MOMENT COEFFICIENT AND PHASE LEAD
IN DEPENOANCE OF [NCIOENCE ANGLE.
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AERCELRSTICITY IN TURBOMACHINE-CASCADES.

STANDARD CONF IGURATION NUMBER

5

20.

Of

10.

0.0
+360

+180

-180

-360

+

w
N

= A

Ri =l

a Q o x €

-

L

STABLE

UNSTABLE

STABLE

L

—————————

UNSTABLE

-L

-

L

0.5
Xex

FIG. 3.5-3F: FIFTH STANDARD CONFIGURATION:
RERODYNAMIC MOMENT COEFFICIENT AND PHASE LERD
IN DEPENDANCE OF PITCHING RXIS POSITION.
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AEROELASTICITY IN TURBOMACHINE-CRSCADES. i
STRANOARD CONFIGURRTION NUMBER : S
M,
. B
h
- _X
h
Y
«
T &)
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T 5
- A
- d -
‘ C 0 , . . . - UNSTRBLE
W ' ' ' ' ' i STABLE
2.
f‘:
: : —— : *y
, 0. 0.5 1.
£ k
F1G. 3.5-3G: FIFTH STANDARD CONFIGURATION:
AERODYNAMIC WORK AND DAMPING COEFFICIENTS
\ IN DEPENDANCE OF REDUCED FREQUENCY.
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AEROELASTICITY [N TURBOMACHINE -CASCROES. i
STANODRRD CONFIGURRTION NUMBER : S
M2 :
_u. Bg
h
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h
_Y
- ©
-2. K
—— 6
-h d .
c B 0 . . . \ N UNSTRBLE
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i ﬂb
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0.5 0.75
| M,
FIG. 3.5-3H: FIFTH STANDARD CONFIGURARTION:
AERODTYNRAMIC WORK AND DAMPING COEFFICIENTS
IN DEPENDANCE OF INLET MRCH NUMBER.
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ARERDELARSTICITY IN TURBOMACHINE-CASCADES. 1:
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FIG. 3.5-31:
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3.6 Sixth Standard Configuration

This configuration is directed towards investigations of turbine rotor

+ blade tip sections in the transonic flow regime.

Experiments have been performed, in air, in the annular cascade test
facility at the Lausanne Institute of Technology by D. Schlafli.
The cascade configuration consists of twenty vibrating low camber prisma-
tic turbine blades. Each blade has a constant spanwise chord of ¢=0.0528 m
and a span of 0.040 m, with 14° camber and a maximum thickness-to-
chord ratio of 0.0526. The stagger angle for the experiments presented
here is 16.6%, and the gap-to-chord ratio is:

0.952 (hub)

1.071 (midspan)

1.190 (tip)
The hub-tip ratio in the annular test facility is 0.80.
The cascade geometry is given in Figure 3.6-1 and the profile coordinates
in Table 3.6-1.
Experiments have been performed with variable inlet flow velocity, inci-
dence angle, expansion ratio, vibration made shape, oscillation frequency
and interblade phase angle.
Both the time averaged and time dependent instrumentation on this cas-
cade is complete, and a large number of well documented data have been
obtained.
However, due to the very thin profiles, only a limited number of pressure
transducers are built into the blades, wherefore no integrations of the
time dependant pressure signals to obtain global unsteady forces are per-
formed. Instead, the self excited flutter limits of the cascade have been
established for several parameters.
From the results obtained during these tests, 26 aerocelastic cases are
recommended for off-design calculations. They are contained in Table
3.6-2 together with the proposal for representation of the results.
The vibration mode for all these cases is bending (8 =43.29), and the para-
meters varied are inlet flow angle, expansion ratio and interblade phase
angle.
The 26 aeroelastic cases correspond to 12 different time averaged set-
tings of the cascade (see Table 3.6-2), for each of which the steady blade

surface pressure distribution is given in Figures 3.6-2 and Table 3.6-3.
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All experiments presented here have been performed with constant span-

wise upstream flow velocities and flow angles.
It is recommended to present the results as
3.6-4,

n bigures 3.6-% and Table
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cascade leadi:.g
edge plane

]

upper surface

0.1 upper surface
(pressure surface)
¥y g.Q ot i S o Saiah diiabl M SALEL IS L BITHY
........ Y B B N A
-0.1
0 0.2 0.4 x 0.6 0.8 1.0
o

c = 0.0528 m Y = 16.6

span = 0.040 m = 149

2l Ty e e
1.071 (midspan) horda  ° 0.0526
1.190  (tip) hub/tip = 0.8

Figure 3.6-1

Sixth Standard Configuration: Cascade GGeometry
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) C=0.05277 M
UPPER SURFACE LOUER SURFACE
X Y x Y X \ x v

0.0000 0.0000 .5033 .0191 0.0000 0.0000 .4930 ~.0131
.0078 . 0063 .5135 .0189 .0008 -.0097 .5032 -.0148
.0176 . 0090 .5236 .0187 .008S -.0161 5133 -. 0145
.0275 .0109 .5338 . 0185 .0178 -.0202 .5234 :.gma
0375 .0127 .5439 .0183 . 0275 -.0232 5336 -0138
.0475 0143 .5540 .o181 .0373 -.0256 -543? '-3’35
L0575 .0157 .5642 .0179 .0473 -.0274 .5538 -.0132
0676 L0171 .5743 L0177 .0573 -.0288 5640 -.0130
L0777 .0184 .5845 .017% . 0674 -.0298 5741 -.0127
.0877 .0195 .5946 0173 L0778 -.0305 .5843 -.0124
.0978 . 0204 .6047 L0173 .0877 -.0329 5944 -.0121
(1079 .0213 .6149 .0169 .0978 -.0311 -6043 --0n9
118t .0221 .6250 .0167 .1080 -.0310 -6147 o
.1282 .022% .6352 . 0165 .1181 -.0307 .6248 _.ons
.1383 . 0230 .6453 .0162 .1282 -.0303 .6349 .01
1484 .023% .6554 .0160 1384 -.0298 -6451 --o108
1586 .0239 .6656 .0158 .1483 -.3294 .6552 -.0106
1637 . 0242 K757 .0156 . 1586 -.0289 L6654 - 0104
1749 . 0243 . 6459 L0153 .1688 -.0284 6753 T ggg};

. 1890 . 0243 .6960 L0151 .1789 -.0278 .6856 :
- ?
1991 . 0243 .7081 .0149 .1890 -.0274 -6958 - 009
2093 . 0242 .63 .0147 .1991 -.0269 . 7059 :~ggg§
L2194 . 0240 . 7264 0144 .2093 -.0264 . 7161 2003
.229% .0239 17366 .0142 .2194 -.0259 -7262 009

.2397 .0237 . 7467 .0140 2295 -.0254 . 7363 .
-.0087

2498 .0236 . 7568 .0137 .2397 -.0250 - 7465 .
.2600 . 0235 L7670 .0135 .2498 -. 0245 . 7566 T gggg
L2701 .0235 L7771 .0133 .2599 -.0240 . 7668 T
-2803 -0234 .7873 .0130 .2701 -.0236 3768 o086

2904 .0233 L7374 .0128 .e802 ~.0232 . 7870 .
.3006 . 0232 .8075 .012% -2903 --0227 g I
3 “3107 .0231 8177 .0123 .3005 -.0223 -8073 I Heds
I .3208 . 0229 .8278 .0120 .3106 -.0219 -8172 007
! 3310 . 0227 .8380 .0118 .3207 -.0214 -8277 Coore

' L3411 . 0225 . 8481 L0115 . 3309 -.0210 .83 .
.3513 .0223 .8582 o112 .3410 -. 0206 8479 oo
3614 . 0220 . 8684 .0110 . 3511 -.0202 .asea --9070
.3Ns .0218 .8785 .0107 .3613 -.0198 -3623  ooe?
.3817 .0215 .8886 . 0104 .3714 -.0194 .878‘ 7 0067

.3918 .0213 .8988 .0102 . 3815 -.0190 .88 .
.am9 L0211 .9089 .0099 L3917 -.0186 <8986 :-ggzg
L4121 .0210 .9191 .009 .4018 -.0183 Rt oona
4222 . 0208 .9292 . 0093 .4119 -.0179 .gé% e
.4324 . 0206 .9393 . 0090 .4221 -. 0175 ‘9392 TN

.4425 L0204 ~9aas .0088 .a322 -.0172 -93 :
.4526 .0202 .9596 .0085 .4423 -.0168 ekt ool
.4628 . 0200 . 9697 .0082 .452% -.C164 1353 T oees
.4729 .0198 .9799 .0079 -4626 -. 0161 “a797 - 0058
.4831 .0195 .9900 . 0076 4727 -.0158 a7 I oeas

.4932 .0193 1.0002 L0073 .4829 -.0154 1.00 :

49 *
Table 3.6-1 Sixth Standard Configuration: Dimensionless Airfoil Coordina-
‘ tes {identical over the whole span)
\
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Aeroelasticity in Turbomachine-Cascades
Sixth Standard Configuration _
Tume Averaged Parameters Time Dependant Parameters Recommended representation
- & g ; v
[ — — g
—_ - o
E g F 3 £
" ) t) [
: l‘ b x 2 Bl i [ g o
» ] 2 a3 § oy - k| g8
LE = gz | 2 £ ] 3 | 3 55
[ - > - - > - 4 “ 1™ d
2 g is | 3 $ 3 53 8k
323 E =3 ) £ £ E: Eg | ==
(a) (a)
M 8 M 1 £ k s &® ¢ :
1,is "2/pl b,is ° p ¥ M :
(-) ) =] (-) ) | (=) ) )
1 0.53 20.0 0.27 }1.e3 0.0030 226 0 008 0 43.2 1 2 |3 3 9
2z +45 - N
3 +90 1 2
4 *135 - -
s -180 1 2
6 -135 N -
7 -90 1 2 4,5 .8 10,11
8 =45 - -
9 052 20.0 0.50 1.20 0.092 -90 1 2 4 - 10
10 §F o5z | 0 0.5¢ | 1.1a 0.097 ‘
1! 0.5 1y.8 0.62 1.02 0.108 ' ' i '
2 u.52 19.8 0.65 ] 0.98 0.113 0 1 2 )3 [ 9
13 “45 - -
14 +90 1 2
15 «135 - - :
1o ~180 i z
I -135 - - .
18 -90 1 2 4 ,° i \
19 -35 - -
20 4.4 4.9 [N 1.60 0.00% -90 - - 5 8 It
21 0.39 27.4 0.26 1.61 0.06s - - 4,5 7,8 10,11
22 v.39 .2 0.35 | 1.40 0.079 - - - - -
23 0.39 5.2 0.37 }1.37 0.080 - -
24 0.37 27.7 o.01 | o0.95 ' * 0.11¢ ‘ - -
s 0.37 2.5 0.69 | 0.85 0.130 - -
b 0.30 7.9 0.85 Ju.s7 0.193 - - ;
’ .
NOTES: a) Isentropic Mach mmbers
1) < as a function of x 6) C" as a function of g \
o x NG My i
‘ NGt " .o &g " " N
\ 4) G "‘2’ is 9) £ v v " [T t
| b Bl 10) = M
1' T noe g

Table 3.6-2 Sixth Standard Configuration: 26 Recommended Aerocelastic

Cases !
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AERDELASTICITY IN TURBOMACHINE-CRSCARDES.
STANDARRD CONFIGURARTION NUMBER : 6
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FIG. 3.6-2R: SIXTH STANDRARD CONFIGURATION.

TIME RVERAGED BLADE SURFACE PRESSURE
COEFFICIENT FOR B1=20 DEG AND M2 (1S)=1,.63
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FIG. 3.6-2B: SIXTH STANDARD CONFIGURRATION.
TIME AVERAGED BLADE SURFACE PRESSURE
COEFFICIENT FOR B1=20 DEG RAND M2(IS)=1.20
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AERGELASTICITY [N TURBGMACHINE-CRSCABES.
STANDARD CONFIGURRATION NUMBER

%
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FIG. 3.6-2C: SIXTH STANDARD CONFIGURATION.
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TIME AVERAGED BLADE SURFRCE PRESSURE

COEFFICIENT FOR B1=20 DEG AND M2 (IS)=1.14
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FIG. 3.6-20: SIXTH STANDARRD CONFIGURATION.
TIME AVERAGED BLADE SURFACE PRESSURE
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AEROELASTICITY IN TURBOMACHINE-~CASCADES. i
STANOARD CONFIGURRTION NUMBER : 6
2
B,
h
_X
h
__Y
[+ 4
y [A)
k
o ]
= 0 0 O U 0 o o
1 X X X X X X X
X d
'f;' 4 X X
P 1 ]
+
-~
-12. -+ } —+— i 4
0‘ .5 ll

FIG. 3.6-2E: SIXTH STANDARD CONFIGURRTION.
TIME AVERAGED BLABE SURFACE PRESSURE
COEFFICIENT FOR B1=20 DEGC AND M2 (15)=0.98




[+
129
T c
7
xOf
Yo
Ml
1
REROELASTICITY IN TURBOMACHINE-CASCADES.
STRANDARD CONFIGURRTION NUMBER : 6
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FIG. 3.6-2F: SIXTH STANDARD CONFIGURATION. ] }
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RERDELARSTICITY IN TURBOMRUHINE-CRSCRADES.
STANDRRO CONFIGURATION NUMBER : 6
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FIG. 3.6-2G: SIXTH STANDARD CONFIGURRATICN.
TIME AVERAGED BLADE SURFACE PRESSURE
COEFFICIENT FOR B1=27 DEG AND M2(1S) =1.61
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FIG. 3.6-2K:

SIXTH STANDARD CONFIGURATION,
TIME AVERAGED BLRADE SURFACE PRESSURE

COEFFICIENT FOR B1=28 DEG AND M2 (IS) =0.95
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REROELASTICITY IN TURBOMACHINE-CASCRDES.
STANDARD CONFIGURATIION NUMBER :
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FIG. 3.6-3A: SIXTH STANDARD CONFIGURATION.
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AERZELASTICITY IN TURBQOMACHINE-CASCROES.
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REROELASTICITY IN TURBOMARCHINE-CRSCADES. i :
STANDARD CONFIGURATION NUMBER : 6
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FIG. 3.6-3C: SIXTH STANDARD CONFIGURATIOGN.
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IN DEPENDANCE OF INTERBLADE PHRSE RANGLE.
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RERCELASTICITY IN TURBOMACHINE-CASCADES. 1 s

STANDRAD CONFIGURRTION NUMBER : 6
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FIG. 3.6-3F:

SIXTH STANDARD CONFIGURATION.
RERODYNAMIC MOMENT COEFFICIENT AND PHASE LERD
IN DEPENDANCE OF INTERBLADE PHRSE RANGLE.
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FIG. 3.6-36: SIXTH STANDARD CONFIGURRATION.
AERODYNAMIC MOMENT COEFFICIENT AND PHRSE LERD
IN DEPENDANCE OF OUTLET ISENTROPIC VELOCITY M2(IS).
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AERODYNAMIC MOMENT COEFFICIENT AND PHRSE LEAD
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FIG. 3.6-31: SIXTH STANDARD CONFIGURARTION.

RERODYNAMIC WORK AND DRMPING COEFFICIENTS

IN DEPENDANCE OF INTERBLADE PHASE RNGLE.




C
146 T .
4 7
Ml !a
B,
Yo
////AE:_—__ﬁ- M,
/ B,
RERCELASTICITY IN TURBOMACHINE-CASCADES. i
STANGARDO CONFIGURRATION NUMBER : 6
M2 ;
B,
h
- __X
h
] _’1
o
w
k
= =) 6 : ‘
[+4
\
T d f
C T ! L . 3 .y = UNSTABLE
‘ W o b v ' M STABLE '
| .
-
L] -
- . } - | 1 1
T ) | L B L | |
0.4 1. 1.6 .
} M,
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\eroelasticlty in Turbomachine-Cascades.
Sixth Standard Configuration.

Aeroelastic test case Ao

Mt ep,/p " ., L A ° e k=

200, L I -1 Lo -G D o 3003, o (rads)
NERN o (-1 o o (0, o o(*1)=___-_. o('2)=_~___o °

a) Global Aeroelastic Coefficients

Fg= e Gl=_______ ¢ C=_ e = e (-)

v olr = ° )

b) Local Time Dependant Blade Surface Pressure Coefficients

(1s) 1.1y o (us) (us) .o -
X -) ( - iy C 1) % W osc SR B
{ p ( P {71 p ( o () p ( rp
49 4
Table 3.6-4 Sixth  Standard Confiquration: Table for Presentation of

the 26 Recommended Aeroelastic Cases
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3.7  Seventh Standard Configuration

The seventh standard configuration has been tested in the Deu oit Diesel
Allison rectilinear air test facility, and the results are included herein
bv courtesy of the sponsoring agent, D.R. Boldman at NASA Lewis Re-
search Center. The configuration is representative for tip sections of
fan stages of turboreactors {(multiple circular arc transonic profiles’.
Each blade has a chord of c¢-0.0762 m and a span of 0.0762 m, with a
-1.30° net camber and a maximum thickness-to-chord ratio of 0.034.
The gap-to-chord ratio is 0.855 and the stagger angle 28.45°.

The cascade geometry is given in Figure 3.7-1 and the profile coordinates
in Table 3.7-1.

The airfoils oscillates in pitching mode about a pivot axis at (0.50, 0.00),
with a frequency in the range between 710 Hz and 730 Hz. The pitching
amplitude of the reference blade lies between 0.06° and 0.29 depending
upon the test conditions, with some scatter in the motion amplitudes
between neighbouring blades.

Both the time averaged and time dependant instrumentation on this cas-
cade 1s extensive, and data have been obtained for different interblade
phase angles and axial velocity ratios.

From the tests, 44 aeroelastic cases are selected as recommended test
cases. They are contatned in Table 3.7-2, together with a proposal for
representation of the results.

The 44 aeroelastic cases correspond to four different time averaged set-
tings of the cascade. The time averaged blade surface pressure distribu-
tions for these nominal settings are given in Table 3.7-3 and Figures
3.7-2.

The recommended representations of the results from the seventh standard
configuration allows detailed comparison of the local time dependant
blade surface pressures and trends of global effects, such as moment
coefficient and aerodynamic damping coefficient, in dependance of inter-
blade phase angle and axial velocity ratio. If possible, the results should

be represented as in Figures 3.7-3 and Table 3.7-4.




a8

Cascade leading
edge plane

upper surface

0-th Airfoil

suction surface

—— ——
i t- F:;_—‘f‘ ¢ ./’ Trailim;\'>
Leading pressure surface edge
=y edge
i X ]

c = N.0762 m T = 0.855

span = 00765 m a2¥a) 2 (0.5,0.)

camber = -1.30 g%%%%ﬁiii = 0.034

Y = 28.45°

Figure 3.7-1 Seventh Standard Configuration: Cascade Geometry




C -

0.0762 m (3.00 in)

Upper surface Lower surface
(SUCTION SURFACE) (PRESSURE SURFACE)
X +Y X -Y

0 -0.0029 0 0.0029
0.00206 -0.0004 0.0027 0.0056
0.0278 0.0015S 0.0279 0.00606
0.0655 0.0041 0.0657 0.0079
0.1032 0.0065 0.1035 0.0092
0.1410 0.0087 0.1412 0.0103
0.1788 0.0107 0.1790 0.0113
0.2165 0.0124 0.2168 0.0123
0.2543 0.0139 0.2546 0.0131
0.2921 0.0152 0.2923 0.0138
0.3299 0.0162 0.3301 0.0144
0.3551 0.0168 0.3552 0.0148
0.3929 0.0175 0.3930 0.0152
0.4307 0.0179 0.4308 0.0158S
0.4685 0.0181 0.4685 0.0158
0.5063 0.0181 0.5063 0.0159
0.5441 0.0179 0.5440 0.0159
0.5820 0.0174 0.5818 0.0158
0.6198 0.0167 0.6195 0.0156
0.6576 0.0158 0.h6573 0.0153
0.6828 0.0150 0.6824 0.0151
0.7208 0.0137 0.7202 0.C146
0.7583 0.0122 0.7580 0.0140
0.7961 0.0105 0.7958 0.0133
0.8338 0.0087 0.8336 0.0124
0.8716 0.0067 0.8714 0.0112
0.9093 0.0047 0.9092 0.0098
0.9471 0.0026 0.9470 0.0082
0.9848 0.0003 (1.9848 0.0063
0.9974 -0.0005 0.9974 0.0057
1.0000 -0.0029 1.0000 0.0029

.E. RADIUS/C= 0.0027

T.E. RADIUS/C= 0.0027

Table 3.7-1

nates

Seventh Standard Configuration: Dimensionless Airfoil Coordi-

g -4
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lastic Test Cases
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Aeroelasticity in Turbomachine - Cascades

Seventh Standard Configuration
Time Averaged Blade Surface Pressure Distributions

M, (-) 1.315 1.315 1.315 1.315
4 o
81 ") 26.0 26.0 26.0 26.0
‘52/;‘71 -3 1.04 1.20 1.35 1.45
RGNS 0.958 0.956 0.956 0.957
M, (- 1.25 1.14 1.05 0.99
ol o
g, (B8] 27.2 26.6 26.7
5-',./ E -~ ~ ~ -~
X = Pyy P P/Py) % Pel G
) (= (-) (-) (=) (-)
linper surface
2.0500 0.365 0.016 0.373 n.028 0.362 0.011}] 0.0482]0.374 0.029
n. 1500 0.377 0.034 0.380 0.039 0.364 0.014]3 0.1481§0.405 0.0°8
0.2500 n.382 n.042 n.378 0.036 0.362 0.011]] 0.2486]0.330 0.030
0.3250 0.375 0.031 0.381 0.040 0.366 N.017 0.3242§0.377 0.034
n.490n 0.354 §-n.002 0,352 1-0.005 0.3361 -0.029]§ 0.3995}0.34" -Q.01;
0.52nn N.31% |-n,056 n.317 [-0.059 0.3021 -0.082]) 0.5201}0.310 -0.070
n.6nn0n N.301 |-9.084 0,292 1-0.098 0.2771 -0.1211] 0.5999}0.303 -0.081
n.7500 0.315 |-n.062 0.317 | -0.059 0.327 ¢ -0.04341 0.7503}0.339 -0.025
0.8553 0.353 §-n.003 0.330 ) -0.039 0.345] -0.016§] 0.8517740.454 0.153
N.2615 0.367 0.019 0.382 0.042 0.457 0.158§1 0.960410.531 0.273%
Lower surface
n.nsan 0.412 0.n88 0.407 0.081 0.408 0.0821H0.0478)0.530 0.271
n.150n 0.345 1-0.016 0.338 |-0.026 N.338 | -0.026 1 0.1464]0.548 0.299
n.2000 0.320 }-0.054 0.315 ]-0.062 0.313 F-0.065[10.1963)0.518 0.255
n.2500 n.301 |-n.084 0.208 §-0.088 0.279 | -0.118 [§0.2465}0.490 0.209
0.325n 0.364 0.014 0.371 0.025 0.381 0.04n 0.3221]10.519 0,254
0.41700 0,373 0.028 0.381 0.040 0.415 0.093 ] 0.3961 Jn.501 0.226
N.4800 n.384 n.nas 0.372 0.026 0.514 0,247 f~.47"010.4% LIS BN
0.6000 n.299 -n.087 N.361 .,nN9 0,470 N.102J17.598440.439 0. 130
0.7500 0.313 f-0.068 n,373 0.028 N.445 0.140 fIr."483 0. 453 0,152
n.8500 n.298 |-n.n8s n.408 0.n82 0.461 0,169 0. 8491 J0. 4062 (LN Y3
Comnare figure 3724 3728 3nc 37N

Table 3.7-3

Pressure Distribution for the 44 Recommended Aeroelast i

Seventh Standard Configuration: Time \veraged Blade Surtace
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FIG. 3.7-2A: SEVENTH STANDARD CONF IGURATION:

TIME AVERAGED BLADE SURFRACE PRESSURE
DISTRIBUTION FOR OUTLET VELOCITY M2=1.25 .
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RERGELASTICITY IN TURBOMACHINE-CASCADES.
STANDRRD CONFI[GURRTION NUMBER : 7
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P X s
1 )(x M M
-0.5 } } $ } {
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X

Rl =!| =I
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15%

FIG. 3.7-2B: SEVENTH STRANDARD CONFIGURATION:
TIME AVERAGED BLADE SURFACE PRESSURE

DISTRIBUTION FOR QUTLET VELOCITY M2=1.14 .
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AERGELASTICITY [N TURBOMACHINE-CASCADES.
STANDRRO CONFIGURATION NUMBER : 7
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FIG. 3.7-2C: SEVENTH STANDARRD CONFIGURRTION:
TIME AVERAGED BLADE SURFRACE PRESSURE

DISTRIBUTION FOR OUTLET VELOCITY M2=1.0S5 .
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Aeroelasticity in Turbomachine-Cascades.
Seventh Standard Configuration:

Aeroelastic test case N°:_

: o o

Mls ° pz/ptls . MZ- o 8, ® B8," ® k= .
2. o3l o (0. o 3*1). 0 3*Da o (rads)
o (2. o o1 o o(0). o o*D. o o(*2). o (%)

a) Global Aeroelastic Coefficients

E-Mz ® E_LS ] Cw= .S =—_ 'y (-)

®M= . ®L= () (°)

b) Local Time Dependant Blade Surface Pressure Coefficients

x ) |l cis) o w;“) ©)

(us) _ (us) .o = )
p c (-) °p (O 8¢, () o, ()

P p ap

Table 3.7-4 Seventh Standard Configuration: Table for Presentation of

the 44 Recommended Aeoelastic Test Cases
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FIG. 3.7-3RA: SEVENTH STANDRARD CONFIGURATION:
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RERCELASTICITY [N TURBOMACHINE-CRSCADES.
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FIG. 3.7-3C: SEVENTH STANDARD CONFIGURRTION:
AERODYNAMIC MOMENT COEFFICIENT AND PHASE LERD
IN DEPENDANCE OF INTERBLADE PHRSE ANGLE.
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AERODYNAMIC MOMENT COEFFICIENT AND PHASE LERD
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16,7

3.8  Lighth Standard Configuration

The eighth and ninth standard  contigoratons are directed towards the

investigation of basic aeroelastic phenomena and nflaence ot thi ke

effects on numerical calculations, especially n the transome How tespon,

Configuration number eghth  considers g Two-domerointa cascaib o
flat plates. Theoretical analvsis of  cuch ansteads  contigration . by e
been performed for many years now, bat  the prablem s osil o Lo

interest, mainly due to the following factors:

0 In modern compressors, operating o the transonic  and  supersonn
flow regimes, the actual blades are rather thin and have a low camber.
They can thus mastly be fairly well approximated as flat plates.

0 Supersonic two-dimensional flat plate prediction models are often
ane of the main aeroelastic tools used by the designer of large turboreac-
tors.

o In the incompressible flow domain, analytical flat plate solutions
are available.

0 1t 1s possible to establish, with different theories and for the purpose
of the present comparative work, the aeroelastic response of a flat plate
cascade over the whole Mach number range from incompressible to superso-
nic flow conditions.

0 The strip theory assumption should be validated, in the transonic
flow domain, 1n a fairly simple case. This requires validation not only
of theoretical results, but also of two dimensioral and quasi three-dimen-
sional experimental data on thin airfoils.

In this chapter. the main emphasize will be laid upon the change in the
aeroelastic behaviour of the cascade in dependance of inlet flow velocity,
pressure ratio through the cascade, stagger angle and solidity. The unsteady
blade surface pressure distributions will thus only be compared n detai!
for a few aeroelastic cases.

It is assumed thut the two-dimensional airfoils oscillates in pitch about
mid chord (0.5, 0.), with an amplitude of 2° (0.0349 rad:.

As the main interest for this configuration lies in the variation of the
time averaged parameters the calculations should be performed. at ‘ero
mean incidence, with a constant interblade phase angle of 90° and with
a fairly high reduced frequency, k=1.0.

The cascade configuration is given in Figure 3.8-1 and a recommendation

s
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for 35 aeroelastic cases to be calculated is given in Table 3.8-1. If possi-
ble, the results should be represented as in Figures and Tables 3.8-2.
The 35 aeroelastic cases are situated in different velocity domains, where-
fore it is not expected that one single program can calculate all cases.
However, it would be of interest for the comparisons if all participants

could calculate the cases their program{s) can handle.

cascade leading
edge plane

upper surface

4

i lower surface

t
| cle !
< ¥
Flat plates
c =0.1m a = 2.00 (0.0349 rad)
camber = 0° o = 90°
(x,¥,) = (0.5,0.) k = 1.0
: o
1 =0

Figure 3.8-1 Eighth Standard Configuration: Cascade Geometry
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o Recommended Fepresentation
3 M i_. | Normal | 1 cp .‘.cp CM
e shock ?
A o
=2 (%) () ()
o
5
Z
7 N
1 Incompressible 0 30 0.75 1 2 3,4 6,7
A 45 - -
3 60 - -
4 A 90 - -
5 0.5 “ 30 - - 4 7
6 0.6 - -
7 0.7 - -
8 0.8 1 2 3, (.5 6,1 .8
9 0.9 -
10 0.95 / - -
1 0.8 7 45 } - - 3 6
12 60 1 - - ‘
13 J / 90 - - +
K ‘ // 30 0.5 - - 5 8
15 / 1.0 - - ' ¥
© 1.1 - 0.75 - - 4 7
17 at L.t - -
i * at T.E - -
14 1.¢ - -
2 ' .t L.E. - -
1 T.E. - -
i 1.3 - 1 2 .5 V3
23 at L.E. 3| 5 6. .3
] 23 * at T.E. * *
' i3 1.4 - - R
o at L.E. - -
27 ' it T.E. - -
23 1.0 - } - - }
29 at L.E. - - ]
30 * at T.E. ‘ - - ‘ ‘
31 1.3 - 0.5 i 2 5 g
32 - 1.0
33 l at L.E. ] 0.5 l l
34 1 1.0
35 ' ‘ 45 0.75
Notes 1) cp as a function of «x 5) CM as a function of =«
2) o v N .y 6) - W om N .y
8 P
3 Y IANE M,
4) C v ' M] 8) " "o
M
! Table 3.8-1 FEighth Standard Configuration: 35 Recommended Aeroelastic
(Cases
\
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RERQELASTICITY IN TURBOMACHINE-CASCADES. 1:
STANDARD CONFIGURARTION NUMBER : 8
M,
B,
h
__X
h
__Y
C
P W
k
3
o
] 'l ] . ] d
L i J | | | | | |
+360 -360
STABLE
+180 -180
UNSTRBLE
(US) (LS)
® T . o ‘L____
p . P .
STABLE
-180 +180
UNSTRABLE "
-360 4 } - } +—1 +360
.0 .5 1.
X

FIG. 3.8-2A:

EIGHTH STANDARD CONFIGURATION.
MAGNITUDE AND PHASE LERD OF UNSTERDY BLADE SURFACE
PRESSURE DISTRIBUTION.

(w:IN PITCH MODE,NOTATION VALID UPSTREAM OF PITCH AXIS)
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X
1
REROELASTICITY IN TURBOMRCHINE -CRSCRDES.
STANORRO CONFIGURATION NUMBER : 8
M?
h
_X
h
_Y
aC
P W
} - k
S
| 1 . |
' J 1 s N I d 1
| | L | | | | |
f 1 +360 ——— }
1 STABLE
+180 _—
4 UNSTABLE™ l
1)
aP 0 .
1 STABLE
T -180
1 UNSTABLE "
-360 +—+—t—1 —————
c. .5 1.
X

FIG. 3.8-2B: EIGHTH STANDARD CONFIGURATION.
MAGNITUDE AND PHASE LERD OF UNSTEADY BLADE SURFACE . »
PRESSURE DIFFERENCE DISTRIBUTION, \ \

(w:IN PITCH MODE.NOTATION VALIO UPSTAEAM OF PITCH AX[S) 4

&
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4 B,
M‘ (L] “ ME
B,
X

/ /

RERDELASTICITY IN TURBOMACHINE-CASCROES.
STANDRRD CONFIGURATION NUMBER : 8
-
M
L )
-
L —t L 3 A
1 § L 1] T
+360
-l
+180
-
® 0
M
J-
-180
'l —t [ L L
"360 I L L] | J 1
0 50

100

STABLE

UNSTABLE

STABLE

UNSTABLE

FIG. 3.8-2C: EIGHTH STANDARRD CONFIGURARTION.

AERODYNAMIC MOMENT COEFFICIENT AND PHASE LERD
IN DEPENDANCE OF STAGGER ANGLE.
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M,
X
B] :
AERDELASTICITY I[N TURBOMSCHINE-CASCRDES. 1:
STANDARD CONFIGURATION NUMBER : B
2
B,
h
_X
h
Y
_ T o«
C
M W
+ k
S
- o
1 1 1 L 1 d
T T T J — 1
+360
-+ STABLE
+180
R UNSTARBLE
)
M 0
- STABLE
-180
<4 UNSTRBLE
-360 } -+ —+ + }
.0 1. 2.
M

1

FI1G. 3.8-20:

EIGHTH STANDARD CONFIGURATION.
AERODYNAMIC MOMENT COEFFICIENT AND PHRSE LERD
IN DEPENDANCE OF INLET MACH NUMBER.
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RERZE_ASTICITY IN TURBOMARTHINE (RSCHIES,
STRNUHALD CONE JCURATION NUMBRER @ B
Y
q—
H—
C L B
M —
q-
T R e et
il
/] L . 1 L I | L
1 § T L} Ll | T R
+360
-
+180 +— 1
T
O . o
M
-180 — —
4
| .
-360 —+—— $ —+ t
0. l . 2.
T

~

<<
o

K<

o W

e

>
n

Ri =£i

€

[-% Q o x

STABLE

UNSTABLE

STABLE

UNSTABLE

FIG. 3.8-2E: EIGHTH STANDRRN CONFIGURRTION.

RERC.. YTNAMIC MO...NT COEFFICIENT AND PHASE LERD

IN DEPENDANCE OF SOLIDITY.
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AERBELASTICITY IN TURBOMACHINE-CASCADES. i
STANDRRD CONFIGURATION NUMBER : 8

€

k

-+ 5 . ‘
o
d

UNSTABLE ’
STABLE

()
-
-+
+
T
(1]
-

49 ¥

_ 0 50 100
| 7

1 FIG. 3.8-2F: EIGHTH STANDARD CONFIGURATION.
] AERODYNAMIC WORK AND DAMPING COEFFICIENTS ) _
IN DEPENDANCE OF STAGGER ANGLE. 4
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FIG. 3.8-2G:

EIGHTH STANDARD CONFIGURATION,

AERODTYNRMIC WORK AND DAMPING COEFFICIENTS
IN DEPENDANCE OF

INLET MACH NUMBER.




RERDELASTICITY IN TURBIMRCHINE-CASCARDES. 1',
STANOARZ CONFINRURATION NUMBER : 8
ME
B,
h
e _X
h
Y
oC
-{-
(]
7 k
T s
- A
| T d
C 1} . , . . , = UNSTABLE
W ; l ! M ' ' STABLE
-
[ S S—— V
i I —
A8 W -l
f. 4+ - 4 ]
1 -
1 . 1 1 1
T ) | LI | B |
, 0. 1. 2.
T

FIG. 3.8-2H: EIGHTH STANDARRD CONFIGURATION.
AERODYNAMIC WORK AND DAMPING COEFFICIENTS
IN DEPENDANCE OF SOLIDITY.
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)
weroclastwo ity an lurborach me-tascades.
Cineth Stanadard Cont s tion
Flat plates at Zero i idence
. . 0
N, v = L h ro= 003 rad, So= a0, k= 1.0
t 1
‘o
- M Nortial 1 T L. : L
4 1 . N M M "
= 2 shock
z o o
= (- () =) (- ()
i
Table 3.8-2 4 Frghth Standard oot ation: Table for Represeaty
St the 5% Hecommended Neroelastic Teal © a0
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Aceroelasticity in Turbomachine-Cascades.
Eighth Standard Configuration.

Aercelastic test case \°:

Flat plates at zero mean incidence.
(x,»¥,)=(0.5,0.). @=0.0345 rad. 0=30°. k=1.0.
M, = . Shock at .oy= o‘ T= .

1 —— —_— —_—

a) Global Aeroelastic Coefficients

- ~ - - o_ .
Cy® o€ = o Cus_ e, = o (-)
. °
by ol? - . (M

b) Local Time Dependant Blade Surface Pressure Coefficients

_ (1s) ,_\](1s) .o (us) ,_ (us) .o -
X () Cp (-) p M Cp (=) Qp (M p (-)

Ap

Table 3.8-2 b tighth Standard Configuration: Table for Representat

of the 35 Recommended Aeroelastic (Cases
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3.9  Ninth Standard Configuration

The ninth standard configuration s selected to be a continuaticn of the
flat plate imvestigation. The emphasize is now placed upon blade thickness
influence, especially 1in the high subsonic flow region, on the numerical
results from the different prediction models.

To this end. a symmetric circular-arc profile. with thickness/chord ranqing
from 0.07 to 0.10, is defined (see Figure 3,9-1),

Apart trom the profile thickness, the influence c¢f wlet Mach number
on the aeronelastic response of the cascade will be investigated.

For this configuration, the same vibration mode, reduced frequency and
interblade phase angle as in the eighth configuration 1.0 and 90° resp.. -
are choosen. The stagger angle has been defined to be 309 mainly to
allow for realistic conditions at high velocities. This stagger angle nay
in some computations introduce influence of distorted calculation grids,
wherefore it is of importance to give indicadions about the computational
scheme together with the numerical results.

In the confiquration, 24 aeroelastic cases are defined for comparison
.see table 3.9-1. The incidence in the subsonic cases is 0° For the super-
sonic cases, the unigue incidence IJs calculated with a program based
upon the method of characteristics. The 11 supersonic cases are defined
as to have attached leading edge shock waves, and they should be calcula-
ted with supersonic throughflow. The results should be represented as
in Figures 3.9-2 and in Table 3.9-2.

As for the eighth configuration, it is bere not the purpose to calculate
all the cases with the same prediction model. It is instead proposed that
the participants calculate the cases their programs can handle, whereafter

the different results will be compared and analysied.




Symmetric Circular Arc Profiles.

Maximum Thickness at x = 0.5.

Vibration in pitch around (xa,ya) = (0.5,0.)
2.0° (0.0349 rad)

a =

c =0.1m i=0°

T = 0.75 camber = OO
thickness

¢ = —HEERES2 - 9,01 & 0.1 y = 30°
chord

k = 1.0

frgoee 591 Lanthe “Conadard Conn poation: CUnscade Giearmelry
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4 Proposed Caledlation of the Standard Confiqgerations

Poothie bt o o

Ag the present compraatinge stadsy s ditocted toves
proedictiono models for o aeruclashie becestigatians e turhomne ines o
to estahilin the arape-of-oat of this tecearchy b b ot tant that g
many tondels an peeabie are connpared viath vach other and vat b Phe e -
micntal datas o s ende @l pecearchers it erested o the Deld of geroelo -
ticity o turbomaebines are pecited to participate i the oraject andd 1,
oo predictiorosdel s avarttnble at thelr mstitation. predict the aoroctost b
bBoehavtonr of the standard condigoration s, of their choree,

Woamone s interested o performing coleulations o the standard configurs
tinns  the profile coordinatcs on cards) together with the diagrams (o
be wed dor rmopresentation of  the corresponding  configuration can be
ubtained upon request. Purthermore, as soon as someone has porforimed
fhe first "hlmd teot™ predictions, he will receive the esperimentai data,
It boped thot b moy then analyse the tesults and propare o cont bt ion
to be presented at the Third Symposium on "Aeroclastictts o Turbomachi-
nes' 1SS, in which the method and the tesudls are explaed, and
which eventual discreapancies between the theoretical and  ospermental
resait are anabveieds Simultaneouslye he will also have  the possibiling
to, tf v hed, refiue some of the results. .

T Jcipants may o at any time withdraw theie resaltse Al the informa-
tion we have received reqgurding this caleulation will then be returnied,
and no reference will be made to the resnlts in the report coverimg the
compoinicnn between the prediction models and the expeniments,

However, if the results are not withdrawn, they  will be compared to
and presented  with the  experiments! data at the 1984 Sympostun. on
Acvroelasticity. At the same ovcecasion the state-of-art of flutter prediction

models will be discussod.
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Aeroclasticity in Turbamachine-Cascales

Farticipants with experinental data

Participants with predicition mxdcls

Country / Institution

usa
United Techmologies Rescarch Center
NASA Lewis Research Center

westinghouse

Massachussetts Institute of Technu).
Stevens Institute of Technology
Detroit Diesel Allison

Naval Postgraduate School

Nielsen Engineering andRescarch Inc.
General Electric

University of California

Princeton University

Name Country / Institution Name
USA

F.0. Carta Physical Sciences Inc. N.H. Kaup

D.R. Boldman United Technologies Rescarch (?entod J.M. Verdon/J.R. Caspar

Z. Kovaiz NASA Lewis Research Center M.E. Goldstein/W.H. braun/
F.B. Molis

v.:. Crawley University of Motre Uame H. Atassi

.f. Sisto University of Tennesse Space J. Caruthers/M. Kurosaka

R.L. Jay Massachussetts Institute of Techn. JE.F, Crawley

M.F, Platzer/K. Vogeler
D. Nixon

R. Jutras

P. Friedmann

0. Bendiksen

Japan
Jokyo University

loshiba

Mitsubishi

Isnikawaj sa-tar ima Heavy Industries

National Aerospace Lab.

S. Kaji/H. Tamka/y.ranﬂa‘
T. Araki

S. Takahara/M. Honjo
S. Nagana

H. hobayashi

Japan
Tokyo University

Kuyushu University
Mitsubishi

H, Shoji/S. Kaji/H. Tanaha/
Y. Tanuda

M. Namba
S. Takahara

Cambridge University

D.S. Whitehcad/R.J. Crant
M. Davies

United Kingdom
Cambr idge University
Imper ial (ollege

D.S. whitchead/S.N. Smith
M. Graham

Technische Hochschule Aachen

H.E. Gallus/K. Vogeler/
K.D. Broichhausen

Technische Hochschule Aachen

kolls - Royce D.G. Hallijwell

brance France

ONRA J.Girault/E.Szechenyi|ONERA P. Salaim
west _Germany West Germany

DIVIR P. Bublitz/H. Tricbstein JDFVLR V. Carstens

H.E. Gallus/K. Vogeler

KwJ D. Pohn
Sitzeriand Seitzerland
krown Boveri A. Kirschner Lausanne Institute of Techrology A. BYcs/Y.N, Fransson
Lausanne Institute of Technology A. BSlcs/M. Degen/
D. schhifli

Italy

Florence University

F. Martelli

PSR

Table 4.1-1

machine-Cascades"

Present Participation in the Project "Aeroelasticity in Turbo-
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Appendixs Aceroclasticity in Turbomachine-Cascades
To be returned to

Mre. Tarsten Fransson

Laboratoire de Thermique Appliquée
f.cole Polytechnique T édérale de Lausanne
CH-1015 L AUSANNL

Swit zerland

Are you interested in participating in the project on Aeroe-
lasticity in Turbomachine-Cascades and will you perform

calculations upon some of the standard configurations?

199

Which configuration(s) and aecroelastic cases will you calcu-

late?

Would you like to obtain the profile caordinates on cards

for these configurations?

Are you interested in receiving the aeroelastic test cases for

standard configuration number 4 when Lthey are avaiiable?

Name :

Affiliation :

Address H

Telephone

Telex
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